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ABSTRACT  
This pilot study delves into the clustering of Hungarian cities based on building height data 
extracted from Copernicus Building Height 2012 (BH2012) raster maps. BH2012 raster maps 
have proven overall reliability, yet their potential for city classification and clustering re-
mains underexplored in the literature. While previous studies often prioritize sociological-
historical analyses, this research takes a data-driven approach, emphasizing the significance 
of building height as a fundamental indicator of urban character. By employing four distinct 
clustering methods, including both legislative criteria and univariate k-means algorithms, this 
study aims to elucidate underlying patterns in the distribution of building heights across ma-
jor Hungarian cities. The univariate k-means clustering approach yields more coherent clus-
ters compared to methods based on regulatory frameworks, underscoring the efficacy of 
data-driven methodologies in capturing nuanced urban characteristics.  
 
Keywords: Clustering, Urban environment, Building height, Data-driven analysis, Hungarian 
cities, LiDAR raster map, Sustainable cities and communities 
 
1. Introduction 
 
The proportion of buildings of different 
heights is a significant feature of the charac-
ter of a city. Copernicus Building Height 
2012 (hereafter: BH2012) raster maps of 
building height may contain minor inaccura-
cies, but examples from Bratislava (Szatmári 
et al., 2022) and Warsaw (Kałuski et al., n.d.) 
show that the raster maps are overall quite 
accurate and can be used for purposes of 
urban planning or environmental analyses 
(Tóth et al., 2024). Sophisticated analyses 
based on rasterized data layers can be found 

on the urban climate model of Hong Kong 
(Kwok et al., 2020), identification of slum 
areas (Taubenböck & Kraff, 2014), or land 
assessment (Mansouri Daneshvar et al., 
2017) for building height construction 
among others. However, building heights in 
raster form can also be used for city classifi-
cation and clustering. In the clustering of 
cities, however, this possibility is only tan-
gentially present, as can be seen for exam-
ple in the otherwise impressive articles on 
the identification of the types of large cities 
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in Russia (Limonov & Nesena, 2016), dra-
matic worldwide urbanisation in recent dec-
ades (Sun et al., 2020), or spatial typification 
of the vast urban network of the Yellow Riv-
er basin (Yin et al., 2023), etc.  
 
2. Theoretical research 
 
There are many examples of the classifica-
tion of Hungarian cities in the literature. The 
majority of authors carried out sociological-
historical analyses or multidimensional anal-
yses where the selection of criteria is based 
on mainly a subjective method, which inevi-
tably reflects the social or political condi-
tions of the time of the evaluation (Csomós, 
2015).  
As in the previous papers, building height 
usually is only one peripheral factor among 
many or it plays no role at all (Makra & 
Sümeghy, 2007). However, this article is 
based on the premise that the height of 
buildings and their distribution is a funda-
mental and informative indicator of a city's 
character. 
The classification of buildings by height is 
based on height class intervals that vary 
almost from municipality to municipality, as 
Hungarian law leaves the building regula-
tions to a large extent to the municipalities. 
Nevertheless, the National Planning and 
Building Requirements (in Hungarian abbre-
viation: OTÉK) gives some guidance on the 
classification of buildings. OTÉK defines tall 
buildings (over 30 m high) and medium-tall 
buildings (between 13.65 and 30 m high). 
Buildings lower than this are not grouped, 
so they can be single or multi-storey build-
ings. Only farmhouses (in Hungarian: 
“tanyák”), which are common in certain ar-
eas of the Hungarian Great Plain, are limited 
to a maximum height of 4.5 m. But many 

single-storey buildings in most Hungarian 
towns are taller than this. 
This study is an attempt to create clusters of 
major cities in Hungary using only rasterized 
height data of the built environment. In all 
stages of the analysis process, data science 
methods are used basically, and the results 
are embedded in the socio-economic con-
text only in the last stages. The paper can 
therefore be considered a novelty in its ap-
proach and methodology. The assumption is 
that with the right methodology, a univari-
ate analysis can classify major Hungarian 
cities surprisingly accurately. An interesting 
question is to what extent the results ob-
tained confirm or nuance our prior 
knowledge about Hungarian cities, whose 
building stock has been significantly influ-
enced by the modernisation of the late 19th 
century and the rapid industrialisation of the 
20th century socialist era, in addition to 
many medieval (or even older) impacts.  
 
As well as the years after the change of re-
gime (after 1990) have had a minor impact 
on the building stock of settlements. This 
varies greatly from one city to another. 
 
3. Material and method 
 
The research based on the BH2012 third 
version. The dataset is a 10m high resolution 
raster layer that contains height information 
for certain cities and metropolitan areas, 
including data from 19 Hungarian cities with 
more than 50,000 inhabitants at the time of 
the survey. Satellite data (LiDAR point 
clouds) and related datasets, such as the 
digital surface model (DSM), digital terrain 
model (DTM), and normalized DSM, are 
used to generate height information (Euro-
pean Environment Agency, 2022). 
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From the downloaded 19 Geotiff datasets, 
RasterLayer objects were defined that can 
be interpreted in the given environment. 
The downloaded height data contained 
rounded values. This did not affect the cal-
culation considerably but gave some caution 
as to the statistical methods to be used. 
Values are essentially discrete data that are 
or can be handled as continuous. However, 
this category, favoured by statistical soft-
ware developers, is a source of some con-
troversy. Because of the high number of 
values, this would be an acceptable method 
(Clench-Aas et al., 2011), but preferably the 
values were evaluated as ordinal. 
The frequencies of building heights were not 
really suitable for grouping cities, partly be-
cause of rounding to integer and partly be-
cause of too many height values. However, 
appropriate inter-class frequencies may 
provide an opportunity to do so. The main 
question is how many class intervals to cre-
ate and where to draw the boundaries of 
the class intervals. Four methods have been 
chosen. 
 
Method 1  
The optimal univariate k-means clustering 
was accomplished in linear time. Using dy-
namic programming, the employed R func-
tion (“Ckmeans.1d.dp” from the package 
with the same name) divides the elements 
of the numeric vector (in this case of 19 
pieces)   into   clusters in the most efficient 
manner (Wang & Song, 2011) (Song & 
Zhong, 2020): 
 

          
   

(         cost     )  (1) 

where,          minimum cost for cluster-
ing the first   elements into   clusters; 

𝑐  𝑡      = within-cluster variance for the 
segment [   ]. 
 
The overall within-cluster sums of squared 
distances between each element and the 
associated cluster mean are reduced to a 
minimum: 

WCSS  ∑ ∑       

 
       

 , (2) 

where,   = number of clusters;      the  -th 
cluster;   = a data point in   ;    = mean of 
  . 
 
The outcome of this algorithm is guaranteed 
to be optimal and reproducible, in contrast 
to heuristic k-means algorithms, whose re-
sults may not be ideal or may vary from run 
to run. In that case      .  
 
Method 2 
Same method as the first method, but      . 
 
Method 3 
The declared class boundaries of the OTÉK 
were used           , so three class inter-
vals were defined:  
[             𝑡          ], 
[        ], 
[                𝑡      ].  
Because of integer values it is equivalent to 
[    ], [     ], [      ]. 
 
Method 4 
Same method as the third method, but we 
added the       building height as a bound-
ary mentioned earlier, so four class intervals 
were defined:  
[     ], ]         ], ]        ], ]      ]. 
In that case it is equivalent to [   ], [    ], 
[     ], [      ]. 
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The height values were sorted into class 
intervals generated by four different meth-
ods, and Goodman and Kruskal's gamma 
values were calculated for each distribution 
per city pair (Naroll, 1974): 

  
   

   
 ,                      (3) 

where,   = number of concordant pairs;   = 
number of discordant pairs. 
 
This produced four       matrices, be-
cause we wanted to cluster    cities. In any 
case, for the purposes of our calculations, it 
is useful to express gamma values in abso-
lute terms. Subsequently, a hierarchical 
cluster analysis was performed mainly using 
the R “hclust” function based on the values 
obtained above. The dendrogram's height 
value of   was used to define a soft thresh-
old about or below which real clusters might 
be possible. The resulting clusters are also 
displayed on a simplified map. Then, the 
characteristics of the urban clusters were 
examined. It was analysed whether the clus-

ters defined by Method 1-2 or the clusters 
of cities defined by the legislation were 
more realistic and the possible reasons for 
the differences were outlined. 
 
4. Results and discussion 
 
The algorithm used in Method 1 have the 
class intervals set at [   ], [    ], 
[      ]. The class intervals created by 
algorithm in Method 2 are [   ], [    ], 
[     ], [      ] (Figure 1.) The class in-
tervals in Method 3-4 defined by outer fac-
tors and rules as you can see in the previous 
chapter. The number and distribution of 
      m areas for each cluster (height in-
terval) are shown in Table 1-4 in supplemen-
tary materials (Tóth, 2024). The tables main-
ly show that the drawing of boundaries by 
different methods could have had a signifi-
cant impact on the proportions by category. 
It is questionable what impact this might 
have on subsequent clusters.  

 

 
Figure 1. Results of univariate clustering (Method 1-2) 
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Gamma values (3) in absolute terms can be 
seen in Table 4-8 in supplementary materi-
als (Tóth, 2024). They are obviously difficult 
to analyse on their own without a proper 
clustering procedure. It is clear from the 
dendrograms that some cities can almost 
always be grouped into a single cluster, 
while in other cases the boundaries of clus-
ters are different. It can be clearly seen that 

the two different clustering methods we 
used, which differ in the number of height 
classes created by univariate k-means clus-
tering (1-2), gave essentially identical re-
sults. Our results differed from the clusters 
of cities derived from the legislation, which 
also showed a divergence from each other 
(Figure 2-3.). 

 

 
 

Figure 2. Dendrograms of four methods 
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Figure 3. Clus-
ters on map 
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There are probably several reasons for this 
discrepancy, but arguably the main reason is 
that the ten-storey houses (“block of flats” 
or “panel buildings”) built using the factory 
method during the socialist era were placed 
in different height categories according to 
our methods and the methods based on the 
OTÉK.  
 
Ten-storey buildings are usually around 
      metres in height, depending on the 
construction technique, and as sometimes 
only part of them fell within the       me-
tre area, many prefabricated housing areas 
fell below    metres in the survey.  
The classification by methods 1-2 probably 
put most of the prefabricated houses into 
one class, but methods 3-4 did not, with the 
upper class boundary bisecting the range of 
  -storey houses. Similar anomalies can be 
found for the other class midpoints, as the 
clusters of cities created by methods 1-2 
placed cities with very different histories, 
but sometimes with surprising similarities, in 
the same cluster.  
A good example of this is the case of Sopron 
and Szombathely, which can be considered 
as historical cities, and Tatabánya and Du-
naújváros, which are industrial cities in the 
same cluster. In the first half of the socialist 
era, the centres of Tatabánya and Du-
naújváros were characterised by the con-
struction of a number of four-storey Stalin-
ist-baroque buildings, which, along with a 
variety of other architectural styles, created 
a similar inner city to the historic towns, 
alongside the existing suburbs.  
And during socialism, all four cities saw the 
construction of a large number of four and 
ten-storey houses, which created similar 
urban structures in very different traditions. 

 
5. Conclusions  
 
The analysis of cities within the clusters, and 
specifically the clusters themselves, extends 
beyond the scope of this article. However, it 
is evident that Method 1-2 has demonstrat-
ed superior effectiveness as a clustering 
procedure compared to the approach based 
on regulatory-legal environments, which 
purportedly integrate historical and con-
temporary experiences. This suggests that 
the regulatory framework may not neces-
sarily be antiquated; rather, it is conceivable 
that the univariate k-means clustering 
method is better suited to address the dis-
crepancy arising from the imprecise delinea-
tion of individual building outlines within 
the 10x10 meter units. 
A more precise clustering outcome could 
potentially be attained by incorporating pop-
ulation density data from all urban settle-
ments, particularly if augmented with highly 
accurate LiDAR (ALS) data and subjected to 
advanced data science methodologies. How-
ever, the current availability of such compre-
hensive data sources and analytical tech-
niques remains limited in Hungary. 
Future directions for research in this domain 
may involve exploring alternative clustering 
algorithms that can better accommodate 
the complex spatial dynamics inherent in 
urban environments. Additionally, efforts to 
enhance data collection infrastructure, such 
as expanding access to LiDAR technology 
and promoting collaboration among re-
search institutions, could facilitate more 
comprehensive analyses and foster ad-
vancements in urban clustering methodolo-
gies. Furthermore, integrating socio-
economic indicators alongside geographical 
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data may offer deeper insights into the un-
derlying patterns of urban development and 
population distribution, thereby enriching 
the precision and applicability of clustering 
analyses in urban studies. 
The analysis based on univariate k-means 
algorithms obviously has the limitations of 
univariate analyses. In this case, it worked 

better than the height classification result-
ing from the legal regulation, but there were 
technical reasons for this. The method is not 
generalisable to all cases, clustering based 
on in-depth sociological research may be 
better than the method used. But the clus-
tering procedure performed quite well here. 
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