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Abstract 

This study analyzes built-up patterns and compares the urban form of several Mediterranean cities 

using fractal dimensions. Α methodology that accounts for the densities of built up areas is 

proposed and fractal dimensions are estimated using data from the Urban Atlas and the 

Imperviousness-Soil Sealing Degree Databases. Fractal dimensions are estimated in two different 

ways, first using binary images making the distinction only between built-up and non built-up 

areas and then using greyscale images that represent the different densities as identified by the 

soil sealing degree. Fractal dimensions are estimated and compared for the 13 cities in Spain, 

Portugal, Italy and Greece in which population size exceeds 1 million. The results demonstrate that 

when accounting for the various densities fractal dimensions are significantly lower, the relative 

ranking of the cities, however, remains about the same. Other key findings of the research indicate 

that irrespective of the methodology used, fractal dimension of the study areas is highly correlated 

with the average built up density and that cities characterized by a continuous sprawl in periurban 

areas have higher fractal dimension, whereas, cities whose urban form is elongated and/or the 

development in periurban areas is discontinuous fractal dimensions are lower.  
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Introduction 

Fractals are irregular, self-similar and complex geometrical structures. The basic characteristic of 

fractals is that they are composed of a pattern that repeats itself across scales. In urban analysis, 

they provide a methodology for quantifying the geometrical complexity of urban patterns, and 

therefore have been used to characterize urban form with respect to the distribution of built-up 

patterns (Batty & Longley 1994, Frankhauser, 1998; 2015, Benguigui et al. 2000, Lagarias 2007; 

2008, Thomas et al. 2008, Terzi & Kaya 2011; Chen & Wang 2013, Lu et al. 2016). Fractal 

dimension values are usually between 1 and 2 with higher values referring to a more 

homogeneous spatial form, while smaller values indicate more fragmented spatial forms.  

Studies comparing the fractal dimension of different cities are relatively sparse and most often are 

based on data/maps that are of different type and resolution that usually are not developed with 

the same methodology. Batty and Longley (1994) using maps from the book “Ekistics” (Doxiadis, 

1968) estimated the fractal dimension of big global cities and found values ranging between 1.3 

and 1.9, while Shen (2002) using data of the TIGER Map Service, estimated values between 1.27 

and 1.7 for 20 cities in the United States. The older comparative analyses are based on low 

resolution data in which details of the geometry of built-up areas is not evident. Recent research 

efforts (Thomas et al. 2008; Thomas et al. 2012; Thomas, 2013) estimate fractal dimension using 

high resolution maps that display the footprints of individual buildings. It is clear that comparison 

of urban areas in different countries is hampered by the lack of comparable databases.  

Existing studies on fractal dimension are based on a binary approach, placing the focus on the 

developed/non developed dichotomy, and considering only two land use classes, built-up and non 

built-up. Although this approach provides an important insight on the pattern of the built-up 

areas, it is based on the implicit assumption that all built-up areas are of the same density. 

However, this is not true; Prastacos and Lagarias (2016) after an exhaustive analysis of data for 

305 European cities point out that there are significant differences on the distribution of densities 

between North European, South European, Central European, East European and Scandinavian 

cities. Therefore, the comparative analysis of European cities based on a similar approach that 

addresses the issue of multiple densities and using up-to-date land use data developed with the 

same methodology is a research issue that must be considered. 

http://journals.sagepub.com/author/Terzi%2C+Fatih
http://journals.sagepub.com/author/Kaya%2C+H+Serdar
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This study proposes a methodology for estimating fractal dimension taking into account the 

densities of the built-up areas. Results are compared with those obtained with the more 

traditional approaches. The study is driven by the availability of two datasets, the Urban Atlas (UA) 

dataset and the Imperviousness-Soil Sealing Degree Soil Sealing Degree (ISSD) raster dataset both 

developed by the European Environment Agency (EEA) through the Copernicus-Land Monitoring 

Service. UA provides land use information for all cities in the European Union with at least 100,000 

inhabitants (ΕΕΑ, 2010). Twenty different land use classes are identified; six of these represent 

urban fabric areas and are differentiated by the built-up densities as identified by the soil sealing 

degree (imperviousness).  

The ISSD dataset is a high-resolution raster map (available at 20m and 100m resolution) that 

covers 39 European countries (including Turkey) (http://land.copernicus.eu/pan-european/high-

resolution-layers/imperviousness). ISSD maps cover the whole country, both urban and rural 

areas, whereas UA maps only urban areas. In the ISSD dataset each pixel has a value of 0-100 that 

indicates sealing degree (s.d.), the percent of the pixel that is covered by artificial structures (100 

represents fully covered, 0 represents open space). It must be pointed out that the density of 

urban fabric areas in UA is determined on the basis of the ISSD database and although the two 

datasets might seem similar, UA also provides information on different land use categories for the 

urban areas while the ISSD dataset provides information only on the density of artificial structures 

but covers both urban and rural areas. Both databases are available for years 2006 (UA, ISSD), 

2009 (ISSD) and 2012 (UA, ISSD).  The 2012 versions are not yet validated.   

With the UA data, fractal dimensions are estimated in two ways: a) making the distinction only 

between built-up and non-built-up areas and using binary images (maps), b) taking into account 

the six different categories of urban fabric densities and using grey scale images. The second 

approach takes advantage of the UA database which provides the built-up density of every city 

block, while the binary approach does not account for the differences in densities, a significant 

characteristic of urban form. Fractal dimensions are also estimated with the ISSD dataset that 

includes information on the sealing degree for urban fabric areas, as well as, for 

industrial/commercial areas, land used for transport infrastructures etc.  

Fractal dimensions are estimated using Fraclac, a public domain plugin of the Image J software 

which makes possible the analysis of binary or greyscale images (Karperien, 1999-2013). The 
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fractal dimension of a greyscale image (mentioned as DG) represents the difference in intensity of 

the pixel values, which in the case of urban patterns corresponds to the built-up densities. 

Fractalyse (http://www.fractalyse.org/) is another public domain software that has been used 

extensively for estimating fractal dimension in urban areas (Tannier and Pumain, 2005; Lagarias 

2007, Thomas et al., 2008a; Thomas et al., 2008b; Thomas et al., 2012; Prastacos et al., 2017). 

However, with Fractalyse the fractal dimension can be estimated only for binary maps. 

Using the proposed methodology fractal dimensions are estimated and compared for 13 cities in 

Spain, Portugal, Italy and Greece, all cities with population exceeding 1 million. These cities are 

among the most densely populated urban areas of Europe with central areas characterized by 

dense urban fabric, while in the suburbs there are more fragmented and low-density development 

patterns. The variations of the estimated fractal dimensions can be used to identify differences of 

urban form and structure of these cities. 

The paper in organized in five sections. In the first section the methodology and the data used are 

presented. In the next section the study areas are introduced, while in the third the results of the 

fractal analysis are presented and discussed. In the fourth section the urban form of the 13 cities is 

analyzed on the basis of the fractal dimensions, whereas in the conclusions’ section there is an 

overview of the findings and suggestions for future research.  

1 Methodology 

1.1 Methods for estimating the fractal dimension 

To determine the fractal dimension of an object that exhibits fractal characteristics, the minimum 

number (N) of small boxes of size r needed to cover the whole structure is estimated. Varying the 

size r results to a relationship of the type Ν(r) = r–D, where D is the fractal dimension. To estimate 

the fractal dimension of urban patterns, empirical/statistical methods are used. The most widely 

applied method is the box-counting which is based on positioning a grid over the map, and 

subsequently varying the size of the grid (r) counting at each step the number of “occupied” (or 

built-up in the case of urban areas) parts (N). Through a log-line graph between N and r, the fractal 

dimension is estimated using linear regression, and a Pearson’s correlation is also estimated.  

http://www.fractalyse.org/
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Other methods for estimating fractal dimension have been used as well, dilation, correlation, 

radius-mass etc. (Frankhauser, 2004). In the present analysis the fractal dimension is estimated 

using the box-counting dimension. The greyscale fractal dimension is based on calculating the 

differences in pixel intensity across different scales. At each step the range of greyscale values is 

estimated for each box (δIi,j,r). δIi,j,r is defined as follows: 

δIi,j,r = Maximum Pixel Intensity(i,j,r) - Minimum Pixel Intensity(i,j,r),  

where i,j is the position of each box and r is the size of the grid. 

Then Ii,j,r= 1 + δIi,j,r, I  ʁ= ∑ [1 + δIi,j,r] and DG = limr→0 ln(Ir)/ln(1/r).  

DG is estimated using linear regression on the log-line graph of I versus r. 

When estimating fractal dimensions several issues must be considered since they could affect the 

results: 

a) The method used: different estimation methods (box-counting, dilation, correlation etc.) 

might result in different values of fractal dimension. In this analysis the box-counting method 

is used. 

b) The range of scales (sequence of grid sizes): the range at which the scaling properties of an 

urban area are examined is very significant. Grid size should not be smaller than a certain 

threshold (about the average size of a building) where the geometrical characteristics of urban 

structures tend to be of a simple Euclidean nature while on the upper limit the grid size should 

be considerably smaller than the size of the study area. The range and the sequence of grid 

sizes used could influence the results. In this research, an exponential sequence of 10 different 

grid sizes is used with dimensions of the box ranging from 45m to about 10klm. 

c) The initial position of the grid: when using the box-counting method the initial position of the 

grid over the pattern could influence the results. In the present study multiple grid positions 

are used (at least 10) and fractal dimension is estimated for each run. The final fractal 

dimension is the mean value of the various runs.  

d) The map resolution: the resolution of the map used can affect the results, since mapping an 

urban area at a coarse scale provides a more compact and continuous representation of the 

urban fabric that probably hides some important characteristics of the urban form (e.g. small 

size open areas in the urban core and also discontinuous development in the periurban areas 

are not shown on the map). On the other hand, high-resolution maps depicting individual 
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buildings might provide a more disconnected representation of built-up areas. In the present 

study the geometry of the city is depicted at the city block level, at a mapping resolution 

defined by the UA and ISSD databases. 

e) ʆhe extent of the area of analysis: The fractal dimension of an urban area can be affected by 

the extent of the area of analysis. When including vast areas of the urban hinterland as parts 

of the city, the overall fractal dimension usually decreases and this is something to be 

discussed later on. In this study urban areas are delineated as in UA, that is following the 

boundaries defined in Urban Audit. Additionally there is a brief discussion on how these 

boundaries might affect the results.   

1.2 Data and process  

The Urban Atlas (UA) land use dataset and the Imperviousness-Soil Sealing Degree  (ISSD) raster 

dataset were used for estimating fractal dimension. In UA, the 6 different urban fabric classes are 

classified on the basis of the soil sealing degree (s.d). In UA urban fabric areas are classified as 

Continuous urban fabric (s.d. 80-100%), Discontinuous dense urban fabric (s.d. 50-80%), 

Discontinuous medium density urban fabric (s.d. 30-50%), Discontinuous low density urban fabric 

(s.d. 10-30%), Discontinuous very low density urban fabric (s.d. < 10%) and Isolated structures (s.d. 

< 10%). 

The original UA data were used to produce the following types of maps for the study areas:  

a) Binary maps of built-up areas defined by the 6 Urban Fabric classes. No distinction is made on 

the level of built-up density. 

b) Binary maps of all built-up areas (artificial surfaces), that is 12 land use classes (6 urban fabric 

classes, industrial/commercial, 4 transport Infrastructure layers excluding local roads, sport 

areas and leisure facilities, green areas; the “land without use”, “dump sites” and 

“construction sites” classes are not considered). With this approach all developed land is 

considered when estimating fractal dimension and not just the urban fabric areas (in most 

cities urban fabric accounts for about 50% of artificial land).  

c) Greyscale maps of urban fabric classes, in which different built-up densities are represented 

by different greyscale grades (ranging from white to black). This is based on the following rule 

of thumb that is also presented in Table 1. The intensity of the greyscale used for representing 
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each fabric class is a function of the mean value of the soil sealing of each category. For 

example, soil sealing degree 80-100 corresponds to white 90% (10% black), soil sealing degree 

50-80 corresponds to 65% white (35% black) etc. 

Code Land use class Color 

11100 
Continuous Urban Fabric (s.d.: > 
80%) 

90% white 

11210 
Discontinuous Dense Urban Fabric 
(s.d.: 50% - 80%) 

65% white 

11220 
Discontinuous Medium Density 
Urban Fabric (s.d.: 30% - 50%) 

40% white 

11230 
Discontinuous Low Density Urban 
Fabric (s.d.: 10% - 30%) 

20% white 

11240 
Discontinuous Very Low Density 
Urban Fabric (s.d.: < 10%) 

5% white 

11300 Isolated Structures 5% white 

Table 1:  The rule for defining the greyscale colors for each urban fabric type 

Fractal dimensions were also estimated using the ISSD dataset. Each pixel in the dataset takes a 

value between 0 and 100 that represents the percentage of the area/pixel covered by artificial 

(impervious) structures. The ISSD dataset was used to produce raster images/maps for the study 

areas with the soil sealing degree (values 1-100) affecting the grey color scale used (with a 

continuous grey color scale 0-255, 0 representing total black and 255 total white). Since the 

average city block is about 60x60m the original 20m resolution raster map was 

resampled/transformed to a raster map of about 60m cell size so that each pixel corresponds to a 

city block. In this way, the map represents the ‘urban scale’ rather than the scale of individual 

buildings/structures.  

All maps were produced at a resolution of 800dpi and at a scale of 1:700.000. The high resolution 

of the TIFF images was chosen in order to preserve the original resolution of the databases during 

the conversion, however, when using the UA database some loss of detail cannot be avoided with 

small roads separating neighboring land uses being affected by the rasterization process. 

These maps were used as input to the FracLac environment. For the UF (Urban Fabric) greyscale 

maps there are 5 different “intensity” values (Table 1) while for the ISSD maps there is a range of 

100 different “intensity” values.  
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2 Case study areas 

2.1 General characteristics 

Fractal dimensions were estimated for the 13 cities in Spain, Portugal, Italy and Greece that have a 

population exceeding 1 million. These cities are characterized by high population densities in the 

city core where land is densely built-up. Recently, this compact structure changed since 

considerable urban sprawl took place in the periurban areas (Salvati et al., 2013, Díaz-Pacheco et 

al., 2014; Salvati and Morelli, 2014; TombolinI et al., 2015). Urbanization of agricultural land, lower 

built-up densities in the periphery, depopulation of the metropolitan inner core and increasing 

construction of single housing units (Catalan et al, 2008) are some of the characteristics of the 

changing urban form. Moreover, intense expansion of transport infrastructure, construction of 

large commercial facilities and tourism development along the coastal areas keep transforming 

the urban form. 

City Population* 

Populati
on 

Density
**  

LUZ  area 
(ha) 

% 
Artificial 

Land 
(ART) 

% 
Urban 
Fabric 
(UF) 

% 
UF/ART 

% 
Imper
vious 

Madrid (es) 6,569,530 139.5 801,650 16.0 5.5 34.6 5.9 

Barcelona 
(es) 4,917,162 170.5 179,952 35.2 14.8 42.0 17.4 

Valencia (es) 1,631,202 112.6 144,812 24.3 9.4 38.6 10.5 

Sevilla (es) 1,413,882 112.6 307,951 12.3 3.8 30.6 4.6 

Bilbao (es) 1,031,440 162.0 98,238 15.9 6.2 38.9 5.9 

Athina (gr) 4,164,475 87.4 304,224 26.9 14.3 53.3 10.8 

Thessaloniki 
(gr) 1,032,530 103.5 142,582 14.2 6.5 45.6 7.1 

Roma (it) 4,086,779 75.2 359,993 27.2 14.6 53.6 10.8 

Milano (it) 4,135,172 155.3 134,409 46.4 18.9 40.8 23.7 

Napoli (it) 3,545,562 212.2 56,656 55.0 28.0 50.9 31.8 

Torino (it) 1,761,392 81.3. 187,831 24.3 11.0 45.3 10.1 

Lisboa (pt) 2,817,901 105.0 143,597 36.2 17.6 48.6 22.9 

Oporto (pt) 1,294,719 83.6 56,274 47.4 26.3 55.4 29.2 

*Estimated population, source: Urban Audit, years 2012-2014 

** Estimated population divided by total Urban Fabric land (persons/ha). 

Table 2:  Data for the 13 urban areas  

As presented in Table 2, the population of the study areas ranges from about 1 million in Bilbao to 

over 6.5 million people in Madrid. City boundaries used in UA correspond to those defined in 

https://www.hindawi.com/49289427/
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Urban Audit in 2004 (later renamed as ‘City Statistics’ http://ec.europa.eu/eurostat/web/cities/

overview). Hence, for each city the study area is equivalent to the Larger Urban Zone (LUZ) that is 

it includes not only the core city but also the functional urban region around the city. 

The highest population density is in Napoli, followed by Barcelona, Bilbao, Milano and Madrid. The 

percentage of artificial land varies considerably among the cities ranging from 12% in Sevilla to 

55% in Napoli. A similar variation is observed in the percentage of urban fabric land, ranging from 

4% in Sevilla (31% of total artificial land) to 28% in Napoli (51% of total artificial land). This 

significant variation might be attributed to the definition of the boundaries of the LUZ area and 

this is evident in Napoli where total area is relatively small compared to population size. However, 

when considering urban fabric as percentage of artificial land the differences between cities are 

smaller. Overall, Spanish cities are characterized by more non-residential urban land uses (the 

UF/ART percentage is less than 40% in four Spanish cities) while in Athina, Roma, Oporto and 

Napoli more than 50% of artificial land is classified as ‘urban fabric’. 

The overall mean impervious surface in each city as a percentage of the total area is presented in 

Table 2. In Napoli, Milano, Lisboa and Oporto, impervious surfaces cover more than 20% of the 

total area, while in Sevilla, Madrid, Bilbao and Thessaloniki impervious areas account for less than 

10% of the total area.  

2.2 Built-up patterns in the study areas 

Maps of the study areas are presented in Figure 1. When comparing cities the proportion of urban 

land that is densely built-up or presents low density development provides important information 

on urban form. Table 3 and the graph of Figure 2 show the distribution of different built-

up/artificial surfaces of the city, while Table 4 presents the distribution of sealing degree values in 

the ISSD database  per city.  

 

http://ec.europa.eu/eurostat/web/cities/overview
http://ec.europa.eu/eurostat/web/cities/overview
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Figure 1:  Maps of the study cities, displaying the Urban Fabric areas 

City UF1 (%) UF2 (%) UF3 (%) UF4 (%) UF5 (%) UF6 (%) 

Madrid (es) 19.5 26.6 20.2 19.6 7.5 6.7 

Barcelona (es) 28.2 21.2 19.2 22.9 4.7 3.7 

Valencia (es) 27.4 12.0 12.3 29.0 13.2 6.0 

Sevilla (es) 39.2 18.5 14.3 16.4 6.8 4.9 

Bilbao (es) 16.8 11.5 6.7 10.0 37.9 17.1 

Athina (gr) 24.9 28.8 21.9 17.2 2.5 4.7 

Thessaloniki (gr) 33.9 43.9 11.6 0.9 0.0 9.7 

Roma (it) 11.3 25.8 22.1 23.9 11.9 5.1 

Milano (it) 23.4 34.8 22.6 14.0 3.0 2.2 
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Napoli (it) 27.8 32.4 19.1 16.9 3.0 0.9 

Torino (it) 16.2 18.4 18.1 20.9 17.7 8.7 

Lisboa (pt) 35.6 34.9 15.5 8.9 2.0 3.1 

Oporto (pt) 32.7 41.5 17.3 6.1 0.6 1.9 

Table 3:  Distribution of UF percentages (UA dataset) 

 

Figure 2:  Distribution of UF classes (UA dataset)   
 

City 
s.d. 1-
10 (%) 

s.d. 
11-20 
(%) 

s.d.21-
30 (%) 

s.d.31-
40 (%) 

s.d.41-
50 (%) 

s.d. 
51-
60 
(%) 

s.d.6
1-70 
(%) 

s.d.7
1-80 
(%) 

s.d. 
81-
90 
(%) 

s.d. 
91-100 
(%) 

Madrid (es) 15.1 11.1 9.0 8.0 7.2 6.8 7.4 7.6 8.9 18.8 

Barcelona 
(es) 12.5 10.8 9.2 8.1 7.3 6.8 7.0 7.6 9.6 21.1 

Valencia (es) 16.1 11.6 8.5 7.2 6.0 5.6 5.8 6.3 8.8 24.1 

Sevilla (es) 13.7 11.0 9.1 7.6 6.8 6.3 6.7 7.3 10.0 21.4 

Bilbao (es) 14.3 11.2 9.0 7.8 7.1 6.8 6.7 7.0 8.1 22.0 

Athina (gr) 12.3 11.1 9.6 8.6 8.1 7.7 8.0 8.7 10.7 15.2 

Thessaloniki 
(gr) 13.6 10.7 8.2 7.0 6.8 7.3 8.5 9.4 10.5 17.9 

Roma (it) 14.9 13.6 11.3 10.0 9.1 8.7 8.3 7.9 7.4 8.9 

Milano (it) 12.4 10.1 8.9 8.4 8.2 8.2 8.4 8.4 8.8 18.1 

Napoli (it) 10.8 10.3 9.0 7.8 7.5 7.6 7.9 9.7 13.3 16.1 

Torino (it) 19.7 12.9 9.6 8.0 7.5 7.4 6.9 6.6 6.9 14.5 

Lisboa (pt) 10.7 9.6 8.4 7.5 7.3 7.5 7.9 8.7 10.2 22.0 

Oporto (pt) 14.7 10.8 8.7 8.1 7.4 7.5 7.9 8.1 9.6 17.2 

 

Table 4:  Distribution of soil sealing degree categories (ISSD dataset) 
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As the UA data show, cities in Greece and Portugal are among the most compact, with high and 

medium density urban fabric areas (s.d. > 50%) accounting for more than half of the urban fabric. 

Densely built-up areas are also a majority in Sevilla, Napoli and Milano. On the other hand in 

Valencia, Bilbao, Roma and Torino most of the developed land is categorized as low density (s.d. < 

50%). Distribution of densities changes slightly when using the ISSD dataset at an aggregation of 

60m for the cell size. As these data take into account all artificial surfaces including road 

infrastructure, industrial/commercial areas and other uses, differences between cities are less 

intense. Roma and Torino however still present a significantly low-dense structure.  

3 Results 

3.1 Fractal dimensions of the study areas 

For all cities the sequence of grid sizes was defined as follows: 2, 4, 8, 16, 32, 64, 128, 256, 512 (in 

pixels). The metric equivalent of this varies from 45 m to about 10 km, hence, the distribution of 

built-up space is examined from the level of the urban block to the level or large sectors/zones of 

the city. Ten different initial grid positions are used and for each run the fractal D and the r2  is 

calculated. The final D for each city is estimated by taking the mean value of these 10 different 

runs. An example of the results for Fractal Dg using the ISSD maps at 60 m resolution is presented 

in Table 5. These results demonstrate that the fractal dimensions values estimated for different 

initial grid positions could differ by almost up to 0.05, it is therefore important to consider the 

mean value of all the runs. The standard deviation and min/max values are also estimated in each 

case, as well as, the r2 value and the standard error. 

Fractal dimensions were estimated in four different ways: 

a) DB_UF: The box counting dimension based on the binary map of urban fabric (UA database). 

b) DB_ART: The box counting dimension based on the binary map of 11 classes of artificial land (UA 

database). 

c) DG_UF: The box counting grey dimension based on the greyscale map of the 5 different urban 

fabric classes (UA database). 

d) DG_ISSD: The box counting grey dimension based on the greyscale map of the artificial area (ISSD 

database). 
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City 
DG_ISSD 

(Mean) 
St.d.  aƛƴ  5╓  aŀȄ 5╓ 

5 ǿƛǘƘ ƘƛƎƘŜǎǘ Ǌч 
 

 D rч SE 

Madrid (es) 1.320 0.002 1.316 1.324 1.316 0.996 0.180 

Barcelona (es) 1.399 0.004 1.392 1.407 1.392 0.992 0.253 

Valencia (es) 1.360 0.004 1.356 1.368 1.356 0.992 0.247 

Sevilla (es) 1.272 0.005 1.264 1.279 1.264 0.996 0.157 

Bilbao (es) 1.263 0.008 1.247 1.272 1.247 0.997 0.151 

Athina (gr) 1.376 0.003 1.368 1.379 1.368 0.993 0.238 

Thessaloniki (gr) 1.272 0.005 1.262 1.279 1.263 0.995 0.177 

Roma (it) 1.415 0.003 1.409 1.419 1.409 0.990 0.288 

Milano (it) 1.482 0.012 1.463 1.500 1.463 0.989 0.313 

Napoli (it) 1.480 0.005 1.472 1.487 1.472 0.991 0.292 

Torino (it) 1.342 0.005 1.332 1.350 1.332 0.991 0.263 

Lisboa (pt) 1.473 0.006 1.465 1.484 1.465 0.991 0.290 

Oporto (pt) 1.526 0.012 1.511 1.556 1.511 0.991 0.293 

Table 5:  Results for fractal dimension Dg (greyscale maps from the ISSD database)  

 

3.2 Comparison of the fractal dimensions of the different urban areas 

The results obtained for each urban area for the four different types of fractal dimensions (noted 

as D) are presented in Table 6 and Figure 3. Αs mentioned in Thomas et al. (2012) Pearson’s r 

should be higher than 0,99 as mentioned in Thomas et al. (2012), while Benguigui et al. (2000) 

suggest that to conclude that the pattern presents fractal attributes r should be of at least 0.996.  

In our analysis, the r2 value of the linear regression is higher than 0.994 in all cases. 

City DB_UF DB_ART DG_UF DG_ISSD 

Madrid (es) 1.43 1.55 1.33 1.32 

Barcelona (es) 1.57 1.67 1.42 1.40 

Valencia (es) 1.51 1.62 1.35 1.36 

Sevilla (es) 1.37 1.47 1.32 1.27 

Bilbao (es) 1.46 1.54 1.24 1.26 

Athina (gr) 1.60 1.66 1.47 1.38 

Thessaloniki (gr) 1.45 1.52 1.34 1.27 

Roma (it) 1.63 1.70 1.42 1.41 

Milano (it) 1.62 1.75 1.46 1.48 

Napoli (it) 1.66 1.74 1.52 1.48 

Torino (it) 1.57 1.66 1.37 1.34 

Lisboa (pt) 1.60 1.68 1.50 1.47 

Oporto (pt) 1.69 1.74 1.58 1.53 
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Mean 1,55 1,64 1,41 1,38 

Std.Dev. 0,10 0,09 0,10 0,09 

Table 6: Fractal dimensions estimated for the four different types of maps 

Comparison of the results reveals some interesting and logical insights on how the map used 

affects fractal dimensions. When considering only urban fabric areas, fractal dimensions estimated 

from the binary UF maps (DB_UF) take values between 1,37 - 1,69 (Sevilla - Oporto) whereas those 

obtained when the different densities are considered (DG_UF) have values between 1,24 - 1,58 

(Bilbao - Oporto). For all cities DB_UF is significantly higher than DG_UF.  This is reasonable since the 

latter is estimated using a map of 6 different classes (5 different UF densities and 1 for isolated 

structures) while for the former only 2 classes (developed and undeveloped) are considered. 

Fractal dimensions obtained for the binary representation of artificial areas (DB_ART) are higher 

than those obtained when only UF areas are considered (binary maps); this is expected since by 

considering the other artificial surfaces built up patterns are more reproducible across scales. It is 

interesting to note, however, that the increase is not the same for all cities. For Oporto D increases 

from 1.69 to 1.74 whereas for most of the Spanish cities the increase is higher and can be 

attributed to the fact that on the average the percent of artificial area classified as UF in Spanish 

cities is usually smaller than other cities. As expected fractal dimension obtained from binary 

artificial areas maps are significantly higher than those obtained from the greyscale ISSD maps. 

Comparison of the fractal dimensions obtained from the two different grey scale maps DG_UF and 

DG_ISSD reveals some interesting results. For most cities DG_ISSD is lower (usually marginally but for 

Seville, Athens and Thessaloniki noticeably), however for Valencia, Bilbao and Milano DG_ISSD is 

marginally higher.  Summarizing the values of fractal dimension obtained from different maps 

follow the rule:  

DB_ART   >     DB_UF  >    DG_UF    >   DG_ISSD  

Although there are significant variations in the fractal dimensions obtained from the four different 

considerations of the land use classification the ranking of cities with respect the D values is 

usually about the same with minor differences (Table 7). Bilbao has the lowest DG_ISSD  (1st position 

in the ranking system), however, it moves to position 3 and 4 respectively when comparing DB_ART 

and DB_UF Fractal dimensions of Oporto and Napoli are in the last two or three positions and have 
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the highest values for all four different estimations. Milano moves between position 9 (Dg_UF) and 

position 13 (Db_ART). Valencia, Barcelona and Torino are usually in positions 5, 6, 7 or 8. 

 

Figure 3:  Fractal dimension values for the four different types of maps  

City DB_UF DB_ART DB_UF DB_ISSD 
Rank-
DB_UF 

Rank-
DB_ART 

Rank-
DB_UF 

Rank-
DG_ISSD 

Sevilla (es) 1.37 1.47 1.32 1.27 1 1 2 2 
Madrid (es) 1.43 1.55 1.33 1.32 2 4 3 4 
Thessaloniki (gr) 1.45 1.52 1.34 1.27 3 2 4 3 
Bilbao (es) 1.46 1.54 1.24 1.26 4 3 1 1 
Valencia (es) 1.51 1.62 1.35 1.36 5 5 5 6 
Barcelona (es) 1.57 1.67 1.42 1.40 6 8 7 8 
Torino (it) 1.57 1.66 1.37 1.34 7 6 6 5 
Athina (gr) 1.60 1.66 1.47 1.38 8 7 10 7 
Lisboa (pt) 1.60 1.68 1.50 1.47 9 9 11 10 

Milano (it) 1.62 1.75 1.46 1.48 10 13 9 11 
Roma (it) 1.63 1.70 1.42 1.41 11 10 8 9 
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Napoli (it) 1.66 1.74 1.52 1.48 12 11 12 12 
Oporto (pt) 1.69 1.74 1.58 1.53 13 12 13 13 

Table 7:  Ranking of the fractal dimensions of the 13 cities 

The correlation table of the four different fractal dimensions estimated for each of the 13 cities 

and other characteristics of the urban areas are shown in Table 8. The four sets of D are correlated 

and all of them are highly correlated with the percent artificial (% ART), percent urban fabric (% 

UF) and percent impervious (% IMP).  Most of the correlations are above r= 0.90 and all are highly 

significant. These findings corroborate those reported by Shen (2002) for 20 USA cities and 

Prastacos et al. (2017) for 9 Greek cities.  

To further explore the relationship between fractal dimension and the developed land area an 

analysis was performed between the fractal dimension and the overall density of the built up area. 

The overall impervious surface (%IMP) was estimated using the ISSD data for all pixels with values 

of 1 or higher.  As shown in Figure 4 the relationship is linear and the R2 is in the range of 0.81 to 

0.85. These results demonstrate that over 80% of the variation in the values of fractal dimension is 

explained by the overall density of the built-up area regardless of the distributional/geometrical 

characteristics of the built-up patterns. It also indicates that urbanized areas tend to present a 

rather homogeneous built-up patterns. 

 

DB_UF DB_ART DG_UF DG_ISSD %ART %UF %IMP 

DB_UF 1 0.97 0.87 0.90 0.87 0.92 0.82 

DB_ART  1 0.84 0.92 0.91 0.90 0.83 

DG_UF   1 0.94 0.87 0.92 0.88 

DG_ISSD    1 0.94 0.94 0.93 

%ART     1 0.97 0.98 

%UF      1 0.96 

%IMP       1 

* All correlations are significant at p=0.01 

Table 8:  Correlations between different types of fractal dimension and the percentages 

of Artificial, Urban Fabric and Impervious area to total LUZ area 
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Figure 4:  Graphs presenting the linear trend between fractal dimension and                                 

the overall density of built-up areas 

However, as already mentioned in section 2.1, the extent of the area of analysis might affect the 

results and therefore attention should be given to the way the study area boundaries are defined. 

In this research LUZ area boundaries are used for all cities and as discussed earlier there is 

significant variation with respect the percent of artificial land. Napoli, Oporto and Milano have the 

highest fractal dimensions but this might be because the LUZ of these cities does not include parts 

of the hinterland where urbanization is more dispersed and therefore percentages of built-

up/artificial area are relatively high. On the other hand, the value of D in Madrid is low and this 

could be partly attributed to the fact that the LUZ includes a vast area coinciding with the 

administrative boundary of the Madrid Autonomous Community 9 (Díaz-Pacheco & García-

Palomares, 2014). Another explanation for the low D in Madrid is very probably the fact that, 

urban development in this city is more clustered at the local level, with agricultural land separating 

planned satellite towns and industrial/commercial development organized in clearly defined 

zones. 

4 Discussion 

To establish a geographical interpretation of the fractal dimension values it is important to identify 

the factors that affect and characterize urban form. The discussion will concentrate on the 

following: 

- Geomorphology: coastal cities, cites located in extended plains, surrounded by mountains etc. 

- Availability of transport infrastructure. 
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- Distribution of built-up area densities. 

The geomorphology of an urban area is a factor inducing but also constraining the growth of urban 

areas and also impacts their form as expressed by the spatial distribution of densities. For coastal 

cities, the presence of the sea usually influences the urban form leading to linear, elongated forms 

of development along the coastline. Frankhauser (2015) notes that the fractal dimension of 

Helsinki is influenced by the coastline, while a similar observation is made by Batty & Longley 

(1994) stating that Tokyo’s fractal dimension is considerably lower than other similar cities 

because of the bay.  

The geomorphology of the 13 cities differs considerably since some of them are coastal cities while 

others are in relative flatlands or surrounded by mountains. Geomorphology as a constraining 

factor of urban growth is more notable in Thessaloniki, Barcelona, Napoli, Athens, Bilbao and 

Lisboa. Urban growth in Thessaloniki and Barcelona is bounded by the sea and the mountains 

leading to more linear forms of development. Thessaloniki, is built around Thermaikos Gulf with 

development following the semi-circular shape of the coast, while in Barcelona large scale inland 

development beyond the mountains is connected to the central city through highways running 

along the valleys of Llobregat and Besos rivers. Athina is encircled by mountains from most sides, 

forming the “Lekanopedio” a flat basin area that is almost fully built-up forming a very compact 

metropolitan area. In Napoli, the coastline and the empty area around the Vesuvious volcano play 

an important role in defining urban form, while in Lisboa, the city is divided into two distinct parts 

divided by the Tagus river and the water area formed in the point where Tagus river meets the 

ocean. In Bilbao urban development is constrained inside the valley of Nervión river which runs in 

a direction perpendicular to the coastline. The impact of geomorphology is reflected on the 

differences between fractal dimensions; one reason for the low D in Thessaloniki is the extensive 

coastline with the city built around the gulf, in Bilbao the linear form leads again to a low D while 

in Athina the fractal dimension is considerably higher.   

On the other hand, the large plains surrounding Madrid, Roma and Torino and the high speed 

transportation corridors provide an easily accessible hinterland for periurban development and 

this is clearly reflected in the sprawling form of urban development. Fractal dimensions for Madrid 

and Torino are among the lowest of all cities. Urban development along transportation corridors 

leads to more contrasted patterns and higher accessibility promotes urban sprawl in wider 
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periurban areas. The new transport infrastructure in Athina, construction of the new airport and 

the “Attika” highway, has been a factor of the further intensification of urban growth in the 

Mesogeia area, on the east of the central agglomeration.  

Another important factor affecting the fractal form of cities is the distribution of different built-up 

and/or land cover densities, and this is the issue that this paper is concentrating on. The impact of 

the different soil sealing degree profiles can be deduced when comparing Madrid and Barcelona to 

Roma and Torino. In the two Spanish cities high density development and especially areas covered 

by 90-100% are considerably high while in the two Italian cities the profiles are asymmetrical to 

the left with low density development (areas covered up by less than 30%) being the majority 

(Figure 5). Despite these differences the results do not support the hypothesis that contrasting soil 

sealing profiles are directly translated to differences in fractal dimensions since Madrid and Torino 

have almost similar DG_ISSD values and the same is true for Roma and Barcelona. These findings 

indicate that fractal dimensions are not related explicitly to the area-wide percent distribution of 

built-up densities, but to the spatial distribution of built-up areas and associated densities.  

 

Figure 5:  Soil sealing profiles of Madrid, Barcelona, Roma, Torino and their fractal dimensions 
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Interesting conclusions can be drawn by comparing three Spanish cities of comparable size: Bilbao, 

Sevilla and Valencia. These cities have almost identical soil sealing degree profiles, with soil sealing 

degree 91-100 being high while s.d. < 30 is relatively unimportant compared to other cities (Figure 

6). Bilbao appears to be a compact city (Figure 7), with almost all urban agglomeration being 

densely built-up (UF1 or UF2 in UA). However, the classification of the sealing degree of urban 

fabric at the city block level in UA distorts the compact profile given by the ISSD database, 

presenting mainly Bilbao (and Valencia to a lesser degree) as a city with considerably high 

percentages of low density development (Figure 6).  

In Bilbao, low density development is observed mainly around distant villages and small towns 

taking the form of isolated cottages. Sevilla is characterized by a relatively compact and 

polynuclear structure with many satellite towns surrounding the central agglomeration. 

Guadalquivir River passes outside the central city cutting through the western periurban area of 

the city, while urban development is clustered in compact periurban settlements leaving 

agricultural land between settlements unaffected by structures.  

 On the other hand in Valencia there is intense sprawl mainly towards the western hinterland of 

the city, while the central area is relatively compact. The similarities/differences observed in the 

urban form of these cities are also reflected in the fractal dimension values. Sevilla and Bilbao 

have the same D while the one of Valencia is higher (Sevilla and Bilbao have the lowest fractal 

dimension values of all cities, with Sevilla ranking in position 1 when binary maps are used and 

Bilbao ranking in position 1 when greyscale maps are used. 

The above findings lead to the conclusion that for large LUZ areas, compact forms (monocentric as 

in Bilbao or polynuclear as in Sevilla) do not  necessarily lead to high fractal dimensions since  

built-up patterns tend to be more contrasted leaving undeveloped areas (agricultural, forest land)  

in-between developed areas .  
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Figure 6. ISSD profiles (area covered by each s.d. category) of Valencia, Sevilla and Bilbao and 

relevant data from UA 

 

Figure 7. Bilbao, Sevilla and Valencia (from the left to the right) 

The highest fractal dimensions are observed in Oporto, Napoli, Roma, Milano and Lisboa, cities in 

which there is a relatively sprawling form diffusing in a continuous way in the hinterland with a 

homogenous distribution of densities in the urban fabric. The highest D value is in Oporto, a city in 

which a dispersed medium to high density pattern covers in a homogenous way almost the 

complete LUZ area (Figure 9). The river Douro crosses the urban area, and areas are built-up on 

both sides of the river, leaving no undeveloped areas on either side of the river. On the other 
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hand, cities like Bilbao, Torino, Sevilla and Thessaloniki are more compact with development 

concentrated at the local scale in periurban settlements surrounding a densely built up central 

core and this urban form leads to lower fractal dimensions.  

 

 
Figure 9. Oporto ISSD degree profile and map showing the dispersed urban form 

On the overall it can be concluded that higher fractal dimensions are, as expected, related to the 

level of urbanization (average density of urban fabric/artificial land), but also to the spatial 

distribution of urban fabric and the degree of homogeneity of the sprawling patterns. 

Conclusions 

The focus of the research presented in this paper is the analysis of the urban form using fractal 

dimension estimated through several different methodologies, including approaches that take into 

account the densities of the built-up areas. Using the Urban Atlas (UA) and the Soil Sealing Degree 

(ISSD) datasets fractal dimensions are computed for 13 large Mediterranean cities. In general, 
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Spanish cities are characterized by fragmented development forming more clustered and 

contrasted patterns of urbanization and this leads to lower fractal dimensions. On the other hand, 

in Italian cities (with the exception of Torino) and the two Portuguese cities urban form is more 

homogeneous with development following more uniform and/or compact patterns and therefore 

the D values are significantly higher. Athina and Barcelona have similar fractal dimensions which 

are in the middle range of the other cities, while Thessaloniki is characterized by a contrasted 

distribution of built-up areas and a lower fractal dimension. 

The main findings are summarized as follows: 

¶ Fractal dimensions estimated using greyscale maps that account for the different built-up 

densities, are significantly lower than those obtained when using the traditional binary 

approach. 

¶ The use of different methods leads to significantly different fractal dimensions but the 

relative ranking of cities with respect the value of the fractal dimension remains about the 

same and the different sets of the resulting fractal dimensions are highly correlated. 

¶ Irrespectively of the method used, the fractal dimension is highly correlated to the overall 

average built-up density and the percentage of the artificial area.  

¶ The comparative analysis of the 13 Mediterranean European cities indicates that the 

fractal dimension is higher in urban areas characterized by a relatively homogeneous 

distribution of developed areas and built-up densities across space. These cities have a 

high density central core there is also, however, a continuous sprawl in the hinterland. 

Fractal dimensions are lower in cities in which built-up areas in periurban zones are 

discontinuous and/or their shape is relatively elongated or clustered in a polynuclear way. 

¶ The boundaries of the LUZ area might affect the values of the fractal dimensions. Including 

in the study area low density areas far away from the central core might lead to lower 

fractal dimensions. ISSD data are available for all urban and rural areas, therefore the 

boundaries of the city can be defined in an ad hoc manner, or using the Urban 

Morphological Zones as defined by the EEA. Nonetheless, one should be careful in defining 

boundaries that merely lead to higher or lower fractal dimensions. 

In conclusion, the research presented in this paper demonstrates that it is important to consider 

the different built-up densities when estimating fractal dimensions, although the binary distinction 
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between built-up and non built-up areas might result in equivalent findings. A future path of 

investigation could be the examination of what this methodology could bring in a comparative 

analysis of the urban form, which includes North and Central European cities that are not 

characterized by high densities as the Mediterranean cities.  
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