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Abstract 
In the light of sustainability transformation, buildings and infrastructures play a central role as elements of the 
settlement structure. Therefore it is essential to understand settlement structures with their characteristics. In this 
context geodata provide a wide range of support. At European level Urban Atlas data are of particular interest. 
However, the delineation of urban areas in which the settlement elements are concentrated is not considered although 
such areas represent important reference geometries for planning. In Germany, a corresponding layer of urban mask, 
denoted with “Ortslage”, is provided by official topographic geodata. In this paper we present a method of defining 
corresponding “urban mask" units using the Urban Atlas database. The processing steps are defined based on objective 
criteria. The results comprise 30 European cities with contrasting urban structures. Taking the infrastructure efficiency 
as an example we demonstrate and discuss a possible application of urban masks.  
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1 INTRODUCTION 

In the light of sustainability transformation, buildings and infrastructures play a central role as elements of the 
settlement structure. They induce up to 30 % of waste and 40 % of greenhouse gas (GHG) emissions associated with 
material production across the EU (International Resource Panel 2020). They are also encompass around 50 % of 
material consumption in industrialized countries (Leising et al. 2017). About 2 % of the total global land area was 
covered by settlement areas and infrastructures, a doubling of these shares is expected until 2050 (Kemp-Benedict et 
al. 2002; Electris et al. 2009). Therefore it is essential to describe and understand settlement structures in their physical 
and spatial characteristics. In this context geodata provide a wide range of support. Of particular interest are open 
geodata, such as those from the Urban Atlas as part of the Copernicus Land Monitoring Service. This service offers 
open geodata on land use for almost 700 European city regions in detailed scale 1:10,000. Land use is differentiated into 
27 classes (EU 2016). However, the delineation of coherent settlement areas in which the settlement elements are 
concentrated is not considered although such areas represent an important reference geometry for the definition and 
application of planning-relevant performance indicators (Deilmann et al. 2017).  

In Germany, a corresponding layer of urban mask, denoted with “Ortslage, is provided by official topographic geodata 
ATKIS (AdV 2015, 215). In this paper we present a method of defining “urban mask" territorial units using the freely 
accessible Urban Atlas database that is available at European level. The data processing steps are defined based on 
objective criteria and thus basically can be carried out automatically.  

The infrastructure efficiency represents an essential efficiency parameter in urban and regional planning (Schiller et al. 
2020) and has at the same time very close links to environment-related sustainability indicators such as resource 
consumption (Miatto et al. 2017) and land use (Community research connections 2020). Using this example, we 
demonstrate and discuss a possible application of such defined "urban mask".  
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2 DATA AND METHODS 

2.1 Urban Atlas 

The Urban Atlas as part of the Copernicus Land Monitoring Service provides detailed vector data on land cover and 
land use for numerous city-regions in Europe. Such data is available with a largely standard nomenclature of 28 classes 
at scale 1:10,000 for the reference years 2006 and 2012. The completion of data for the year 2018 is currently in 
progress. For the year 2012, the Urban Atlas has been available for almost 700 European city-regions (“Functional 
urban areas” or FUA) as open geodata (Copernicus Land Monitoring Service 2018). These include all EU cities with 
more than 100,000 inhabitants as well as their commuting zones. A mapping guide contains the product description, 
mapping guidance and class description for the Urban Atlas (EU 2016). This data is used for spatial analysis within the 
framework of the European Union’s Urban Audit (Montero et al. 2014). With the assistance of the Urban Atlas data, 
generalized patterns of urbanization can be identified by deriving various metrics on settlement structure, as shown in a 
methodological study that compared Greek cities (Prastacos et al. 2017).  

2.2 Delineation of an urban mask  

First it is nessesary to define what we mean by an “urban mask”. For our analysis this term is used in analogy with the 
term “Ortslage” from official German spatial surveys. The following definition is given in the documentation of the 
ATKIS Basic Landscape Model: “An ‘Ortslage’ is a contiguous built-up area. It encompasses ‘residential areas’, 
‘industrial and commercial areas’, ‘mixed-use areas’ and ‘areas of special functional character’ as well as areas which 
have a close spatial and functional relationship to these dedicated to transportation, watercourses, areas occupied by 
‘buildings and other facilities’, for recreation, sport and leisure, as well as ‘vegetation areas’ ”(AdV 2015, 215). An 
“Ortslage” represents a settlement polygon, which is geometrically bounded by a continuous line. In contrast to 
“Ortslage” in urban masks defined in this paper directly adjacent polygons are merged into one polygon in order to 
reduce the number of settlement polygons. Only spatially separated polygons should be preserved geometrically as 
such.  

As described in the introduction section, the Urban Atlas geodata contains no specific layer of an urban mask. Therefore 
we developed a GIS method to delineate the urban mask using Copernicus data at medium scale. In this regard, we 
follow up on investigations described by Schumacher & Deilmann 2019, 37 ff. in the context of studies on comparison 
of urban fragmentation in selected European cities. In this research the authors used an approach to define urban masks 
based in automatic steps and manual editing of polygons in orientation to defined criteria of delineation. These criteria 
offered a scope for subjective decisions for the delineation, which allows the consideration of specific local 
peculiarities, but requires extensive mapping work by experienced cartographers. In this paper, the method is further 
designed in such a way that it is based exclusively on objective criteria and therefore in principle can be carried out 
without manual editing of polygons.  

According to the philosophy which guides the definition of “Ortslage” ten relevant land use classes were selected from 
the nomenclature of the Urban Atlas (EU 2016) as components for the urban mask. These classes represent both built-
up and green urban areas:  

• Continuous and discontinuous urban fabric (built-up area and associated land, residential structures 
predominant) [5 classes – the differentiation is indicated in figure 1], 

• Industrial, commercial, public, military or private units [1 class], 

• Construction sites and land without current use [2 classes - the differentiation is indicated in figure 1], 

• Green urban areas (public green areas for predominantly recreational use such as gardens, zoos, parks, castle 
parks and cemeteries) [1 class], 

• Sports and leisure facilities [1 class]. 

In general, the Urban Atlas contains polygon geometries, not line geometries. In contrast to ATKIS, this also concerns 
the road and rail networks. The Urban Atlas includes only two classes of road transport (“Fast transit roads and 
associated land”, “Other roads and associated land”) and one class of railway transport (“Railways and associated 
land”). The polygonal geo-objects of these transport classes are not distinguished, whether they are within the 
settlement or in open space. However, the streets and squares in the settlement area are part of the “Ortslage” (see above 
definition in the ATKIS model). Therefore, these transport areas from the Urban Atlas cannot be simply included to 
complete the urban mask, because they would spread out like a spider’s web from the settlement into the open space. It 
should be noted that shipping and air traffic are not considered because both types of traffic are not in such a close 
functional connection with the built-up areas.  
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The delineation of an urban mask is achieved by using methods of cartographic generalization. In this study we applied 
a procedure from the ESRI ArcGIS toolbox: Delineate Built-Up Areas (ESRI 2019). This method was originally 
developed to define polygons for the mapping of built-up areas, whereby densely clustered arrangements of buildings 
are visualized as generalized polygons in the process of downscaling. The procedure is thus concerned with the spatial 
grouping of building footprints – for example for the quantification and monitoring of the urban sprawl (Harig et 
al. 2016).  

In this study, however, the procedure "Delineate Built-Up Areas" shall be transferred to another application. The input 
data differ. To define urban masks we use polygons of built-up areas and urban green spaces as input data but not 
building footprints. Accordingly the applied GIS processing results in different kind of generalized output data, which 
approximates to the definition "Ortslage" mentioned above. The main difference between the objects in the 10 land use 
classes considered and the areas resulting from the definition of "Ortslage" is that roads and other gaps in the settlement 
area (e.g. small water bodies) are not taken into account.  

In order to bridge these gaps, criteria were developed based on the following considerations (ESRI 2019):  

• Input polygons that are closer than the grouping distance are considered together as candidates for 
representation by one output polygon in the urban mask. Common traffic areas have a maximum width that 
corresponds to the definition of "grouping distance".  

• The minimum detail size defines the relative degree of detail in the output polygon of the urban mask. This is 
approximately the minimum permitted diameter of a hole in the input polygon. The real size and shape of holes 
are also determined by the input polygon placement and grouping distance. 

• The minimum buliding count corresponds to the minimum number of input polygons that have to be considered 
together for the representation by an output polygon in the urban mask.  

Assumptions for quantifying these generalization parameters were made on the basis of expert assessments. In addition 
to the authors of this paper, four experts with long-standing practical experience in the field of GIS-based settlement 
structure analysis and mapping of settlements and open spaces were involved. In the result the following parameters of 
this procedure were set:  

• Grouping distance: 50 m,  

• Minimum detail size: 50 m,  

• Minimum building count: 1.  

An area of 0.25 ha (50 x 50 m) corresponds to the minimum mapping unit of artificial surfaces in the Urban Atlas 
(EU 2016, 8). The option “Minimum building count = 1” means that all relevant settlement polygons are included in the 
algorithm. Furthermore, so-called “sliver polygons” smaller than 1 ha were deleted from the preliminary settlement 
mask in the open space. This value corresponds to the minimum mapping unit of agricultural areas, (semi-) natural 
areas, wetlands and water in the Urban Atlas (EU 2016, 8). 

After applying the ArcGIS procedure "Delineate Built-Up Areas", there are usually still gaps in the urban mask which 
are not defined as “urban mask areas”. Therefore, after discussion with experts, further holes smaller than 3 ha within 
the preliminary settlement mask were filled in and merged into the final settlement mask in the interests of the 
cartographic generalization of polygon geometry.  

Figure 1 illustrates the application of the procedure for objective delineation of the urban mask using the example of the 
city of Plovdiv, Bulgaria. Two levels of abstraction are presented: Figure 1 a (above) shows the polygons of the ten 
selected land use categories which can be distinguished with the data of the Urban Atlas. Figure 1 b (below) shows the 
result of the generalization process of the urban mask.  
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Figure 1. Selected classes of land use from the Urban Atlas 2012 (above)  
and delineation of the urban mask (below), mapped for the city of Plovdiv, Bulgaria 
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2.3 Analysis of the road network  

From the perspective of urban morphology, the streets system (road network) of a city in principle has a strong stability 
over long period of time. “In morphological terms, and in a temporal perspective, streets are the most stable element of 
urban form. While the physical process of city building is something that ‘takes time’ involving permanent 
transformation – it has a past, a present and a future – the streets system of a city is the one that offers greater 
resistance to this process of urban transformation, attaining a great temporal stability.” (Oliveira 2016, 15) This 
applies especially to the area within the urban mask of a city. With regard to the overall urban infrastructural efficiency, 
the measure "Road length in urban mask per capita of population” is therefore of great importance for the spatial 
analysis.   

In the Urban Atlas, all geodata objects – including the road network – are represented as areas. However, line data are 
required to derive road section lengths. Therefore, geodata of the road network from Open Street Map (OSM) is used 
(Ramm 2019). As exemplary tests have shown, the geometrical fit of the OSM data to the Urban Atlas data is rather 
good. In addition, OSM data is also even used in the production of the Urban Atlas. Now the question arises, which 
OSM road categories are relevant for the infrastructural efficiency of a city? The following twelve road categories of 
motor vehicle traffic in public urban areas were selected from a total of 26 road and path categories – after reviewing 
the description in the wiki (Wiki OSM 2019):  

• motorway,  

• trunk (important road, typically divided),  

• primary road (typically national), secondary road (typically regional), tertiary road (typically local),  

• unclassified road (smaller local road),  

• residential road (road in residential area),  

• living street (street where pedestrians have priority),  

• motorway link, trunk link, primary link, secondary link.  

Mostly non-public service roads to buildings and facilities such as car parks or sports facilities were not taken into 
account. Furthermore, pedestrian only streets, roadways in agriculture and forestry were not considered. Spatially 
separated lanes of road sections are recorded as separate vectors in the OSM geodata. Thus, motorways and 
expressways receive a double weighting when calculating the total length of a city's road network, which is basically in 
line with the infrastructural efficiency. Before the total is calculated, the selected street network was clipped to the 
urban mask of the respective city.  

2.4 Case study cities  

For the case studies, the aim was to achieve the broadest possible geographical distribution of selected cities with 
contrasting urban structures in Europe, i.e. from the member states of the European Environment Agency (EEA) where 
Urban Atlas data 2012 is available. Finally, 30 large cities with more than 100,000 inhabitants and contrasting urban 
structures from 20 countries were selected. For each city a spatially contiguous administrative area is considered - 
without exclaves or islands. The urban mask of a city should be easily distinguishable from the neighbouring 
communities. Therefore, megacities or large urban agglomerations are not considered here.  

One third of the selected reference cities are coastal cities, which is an adequate representation of Europe's pronounced 
and well developed coastal areas. Nine cities are located in countries east of the former "Iron Curtain", in which strong 
social, economic as well as urban morphological transformations took place after 1989/90. Unfortunately, Urban Atlas 
data is not available for cities from some Eastern European countries (Russia, Ukraine, Belarus and Moldova), so that 
no comparable analyses are possible in these cases.  

3 RESULTS AND DISCUSSION 

3.1  Measures of the case study cities with reference to infrastructure efficiency 

The diagram in figure 2 (left) shows an exponential relationship between the road length in urban mask per capita of 
population (measure of infrastructure efficiency) as a function of settlement density in the selected European cities. This 
hyperbolic curve can be regarded as rather typical for such a relation (Burchell et al. 2002; Siedentop et al. 2006; 
Bettencourt et al. 2007; Kurvinen & Saari 2020). In the diagram the cities of the former Eastern Bloc are highlighted in 
red. These nine cities with medium settlement densities are in the lower range of the measure “Road length in urban 
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mask per capita of population". It might be interesting to take a closer look at a corresponding thesis: Do cities of the 
former Eastern Bloc still have comparatively more efficient infrastructure systems than Western cities in Europe, 
although     socio-economic conditions have converged significantly since 1989/90? In any case, this confirms the 
already proven persistence of road networks in view of the enormous dynamics in the construction and socio-economic 
environment within these cities.  

The diagram in figure 2 (right) shows  the relationship between the road length in urban mask per capita of population 
as a function of population density (related to administrative area) in the selected European cities. The values scatter 
relatively widely, so that a hyperbolic curve is not visually apparent. Cities from the former Eastern Bloc and Western 
cities are mixed in the point cloud. This shows that the urban mask is much better suitable for the spatial analysis of 
cities than the administrative municipal area.  

 

Figure 2. Diagram of the road length in the urban mask per capita of population as a function of settlement density 
(left) and population density (right) in selected European cities 

 

As figure 3 shows the correlation between the road density in the urban 
mask and the settlement density is only moderate (r = 0.53). 
Nevertheless, possible city clusters become visible in the diagram. 
Most noticeable are the two Mediterranean coastal cities of Malaga and 
Genova, whose characteristic values clearly differ from the other cities 
(both highest settlement density and highest road density in the urban 
mask). For both cities the local topography, especially the pronounced 
relief and the location on a narrow coastal strip, plays an important 
morphological role. Another cluster could be formed by the four cities 
Vilnius, Wroclaw, Leipzig and Bratislava with the lowest values of 
road network density in urban mask but medium settlement densities. 
These cities are all located in the lowlands with no significant relief 
influence (except for some districts of Bratislava) and were part of the 
Eastern Bloc until 1989/90. Otherwise, the diagram shows a large point 
cloud of cities with medium road density in the urban mask and low to 
medium settlement density, where most of the reference cities are 
located. Only the city pair Constanta - Plovdiv deviates slightly with 
higher settlement density.  

 

 

The main results of the study for all reference cities are presented in an overview map (figure 4). The map shows the 
values of the road length in the urban mask per capita of the population as a measure of infrastructure efficiency in the 

Figure 3. Diagram of the road density in 
the urban mask as a function of settlement 

density in selected European cities 
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selected European cities. The point symbols vary in colour according to this measure and in size according to the urban 
mask area. At first view, the map does not indicate any spatial relationship of the value distribution.  

 

Figure 4. Overview map of infrastructural efficiency in selected European cities (2012) 

The two maps in figure 5 show the case study cities with maximum and minimum road network density per capita of 
population (Coimbra in Portugal and Plovdiv in Bulgaria). If all public roads are included, their network density within 
the urban mask is almost identical in both cities. Because of the much higher settlement density, a resident of Plovdiv 
claims only 1.6 m of road, while a resident of Coimbra uses three and a half times as much with 5.7 m of road. This 
does not include the whole road length in the open space of the administrative city area, which is much greater in 
Coimbra (260 separate polygons of urban mask) than in Plovdiv (57 polygons) due to urban sprawl. 

Figure 5. City maps with extreme values for infrastructural efficiency (Coimbra and Plovdiv) 
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Figure 6 summarizes the parameters respectively measured variables shown above in an overview chart. The values are 
standardized with n(max) = 1. For each variable the maximum value (nmax) is determined. All other values (ni) of the 
variable n are divided by this value. The x-axis shows the cities, arranged in descending order of the values of the 
measure “Road length in urban mask per capita of population”. As a result, the normalized value of this measure 
follows a descending line. It is evident that the settlement density (population per urban mask area) follows an opposite 
(ascending) course. This path follows a rather stable trend, which is clearly interrupted only in the cities of Malaga and 
Genova. The special features of these cities have already been discussed above (see comments on figure 3). This trend 
is not apparent in the values of the population density. Its values fluctuate strongly between very high and very low 
values. The observations on the value curve of the measure "Road density in urban mask" (road length per urban mask 
area, in figure 6 normalized as described above) are also of interest. The majority of the values are in a corridor between 
0.6 and 0.8, with only a few exceptions deviating significantly from this interval. These are the six cities that were 
already highlighted as emerging clusters in the explanations of figure 3.  

 

 
 

Figure 6. Selected parameters of the case study cities with reference to infrastructure efficiency (2012), normalized with 
n(max)=1 and arranged according to "Road length in urban mask per capita of population" in descending order 

3.2 Urban mask as suitable reference geometry? 

The correlations of the selected measures make it clear that in the context of the discussion about infrastructure 
efficiency, urban mask is a suitable reference geometry to describe efficiency parameters which allows significant 
interpretations and supports to find settlement related influencing factors. This is due to the simple fact that the physical 
connection between the urban built environment and the settlement area is directly given, which is not the case for the 
administrative area. In this respect, urban masks are applicable for all questions and associated analysis and planning 
tasks in which the described physical relationship is relevant. Urban metabolism research, e.g., is only one more 
example among others.  

3.3 Automated delineation of an urban mask – limits and possible solutions 

The GIS method for generating an urban mask that is introduced in this paper is reproducible, whereby the quantitative 
parameters of the algorithm were derived from objective criteria. Thus the method is basically suitable for medium-
scale mapping applications and analyses. In the resulting geometries of various cities it is noticeable – in the context of 
topographic maps or aerial photographs – that larger railway station complexes are not part of the urban masks. In 
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relation to the total area of an urban mask this gap is not significant. Nevertheless, it would make sense from a 
cartographic point of view to find solutions on this issue. The affiliation of inner-city railway stations to the urban mask 
can be discussed controversially. It is difficult to extend the vector-based algorithm with the available Urban Atlas data 
adequately, because there are no structural features that can be generalised. In such exceptional cases it can make sense 
to switch to manual editing taking aerial photographs or city maps into account.  

3.4 Features beyond built-up areas 

In this paper we discussed urban masks as a reference geometry to analyse settlement structure features. However, 
settlement structures do not only consist of built-up areas, they also include other structural elements, especially green 
spaces and other open spaces. Such elements are considered in Urban Atlas data and part of urban masks, namely 
gardens, zoos, parks, castle parks and cemeteries. “Forests or green areas extending from the surroundings into urban 
areas are mapped as green urban areas when at least two sides are bordered by urban areas and structures, and traces 
of recreational use are visible.” (EU 2016, 21) In such cases, the urban mask may extend quite far into the non-urban 
open space, where the question of demarcation can arise. When assessing the Urban Atlas as a geodata source for the 
delineation of the urban mask, it is important to consider how these source data were generated. Thus, automatic 
algorithms as well as interactive editing were used for the preparation of the original remote sensing data.  

4 CONCLUSIONS  

The delineation of coherent settlement areas in which the artificial elements are concentrated as so-called “urban mask” 
is a necessary precondition for numerous analyses in urban space. The procedure for the cartographic generalization of 
open geodata presented here can be applied wherever European Urban Atlas data is available. Using the example of 
measures of infrastructure efficiency, it could be demonstrated that the urban mask area is better suited as an overall 
urban reference value than the administrative area of a city. The urban mask represents an important reference geometry 
for the definition and application of planning-relevant performance indicators.  
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