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PREFACE 

  
  “If a mountain could talk, It would tell us a 
story” 
 

Markus P. Großkopf (Helloween) 

 

This monograph presents the main results of 
my dissertation thesis, which was successfully 
defended under the same title in 2017. My col-
leagues, with whom I had discussed the work 
most – my supervisor, Jozef Minár, and my 
consultant, Lucian Drăguţ – are included as the 
co-authors.  

Since the beginning of my university studies 
I was interested mainly in geomorphology and 
GIS. Even though traditional geomorphological 
analyses suffer from subjectivity of authors, it 
is the constant development of their alternatives 
in GIS and other software, which enables us to 
automate them, or at least reduce the human 
impact, and make them predominantly objec-
tive. Therefore, even though quite foggy for me 
at first glance, my interest in this theme origi-
nated in the intersection of these disciplines – 
we aimed for automated and objective delinea-
tion of morphostructural regions that should 
correspond with the traditional geomorphologi-
cal regions of the area, manually drawn by ex-
perts in the last century. Discussion about up-
date of this regionalisation is a hot topic in Slo-
vak geomorphology, and we expect that our 
results could be a valuable contribution, at least 
in pointing to some problematic parts of the 
original regionalisation. If so, it would be an 

additional value of this research, since primary 
use of our results is intended for further mor-
phostructural research of the Western Carpa-
thian area conducted at our department. 

The most challenging part of this work was 
the application of object-based image analysis 
(OBIA), as in geography still prevails its use as 
a method for analysis of remote sensing image-
ry. Since it was applied in geomorphology and 
geomorphometry for the first time in 2006, its 
use has been increasing, though mainly for 
classification of individual landforms. Thus, 
there is still room left for research at regional 
level, which we aimed to fill with new know-
ledge.  

At the beginning of this work, we used the 
existing tools to evaluate the OBIA as suitable 
for objective definition of the basic morpho-
structures. However, some issues arose. By ad-
dressing them, we developed our hypotheses 
further into a methodology as objective as pos-
sible, by means of a new object-oriented work-
flow for morphostructural segmentation. After 
we used freely available SRTM DEM and tradi-
tional geomorphometric variables as input data 
and the existing algorithms in the eCognition 
software to implement our hypotheses and re-
gionalisation criteria, we argue that the presen-
ted methodology should be applicable in other 
mountainous areas with prevailing active tec-
tonics, too. 

 

Authors*,** 

mailto:peter.bandura@uniba.sk
mailto:jozef.minar@uniba.sk
mailto:lucian.dragut@fulbrightmail.org
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1 INTRODUCTION  
 
 
———————————————————————————————————————————-- 
————————————————————–— 

In contemporary geomorphology the de-
mands for objective and reproducible approa-
ches are very high (SMITH et al. 2011). Natu-
rally, this also applies to the delineation of va-
rious landforms and geomorphological regions 
of terrain (its division into meaningful parts at 
various hierarchical levels). Such geomorpholo-
gical regionalization is a much-used and indeed 
essential approach in geomorphology (MINÁR 
and EVANS 2008). Traditionally, it is carried 
out by geomorphologists, who depend on their 
own visual data interpretation and expert know-
ledge when delineating geomorphological fea-
tures or regions of any hierarchical land-surface 
level (JASIEWICZ et al. 2014). The key for de-
lineation of such objects is to correctly locate 
terrain discontinuities of selected geomorpho-
metric variables and thus to maximise their intra
-object homogeneity and inter-objects hetero-
genity (MINÁR and EVANS 2008). To obtain 
successful terrain regionalisation, the selected 
variables used as input data should have smaller 
variation within the produced objects than be-
tween them (ETZEL-MÜLLER et al. 2007). 

Manual production of such geomorphologi-
cal feature maps is time-consuming, and their 
quality is influenced by authors’ decisions; thus, 
they are often non-reproducible and not trans-
parent (SMITH et al. 2011). These issues create 
the need for development of objective, automa-
ted and reproducible methods of land-surface 
classification. However, it is not clear to what 
extent the objective methods are likely to re-
place or aid manual mapping, given that it incor-
porates a good deal of subjectivity in the region-
alization criteria. While several studies dealing 
with object-oriented classification approaches 
mainly at the local level have been done before, 
there is still large scope for research in this area, 
particularly at the regional level.  

Thus, the main aim of this work is to develop 
a semi-automated method for the delineation of 
the basic, third-order morphostructures of the 

Western Carpathians in a relatively objective 
manner using object-based image analysis 
(OBIA) based on DEM and its derivatives at the 
target scale of 1:500 000.  

The third-order morphostructural subdivi-
sions in our study area are well-known as tradi-
tional geomorphological regions with bounda-
ries manually drawn by experts in the last centu-
ry, based mostly on terrain morphology. Here 
arises our main hypothesis. Delineated objects 
should correspond with these traditional geo-
morphological regions. However, their mutual 
compatibility might vary: it should be higher in 
more contrasting terrain with clearly recognisa-
ble morphological boundaries and lower in less 
contrasting terrain with fuzzy and questionable 
boundaries, where not only morphological, but 
also other criteria were used in manual delinea-
tion (e.g. lithology).  

As a result, we should provide their objective 
alternative and substitution and not fully re-
create them. Moreover, using such uniform au-
tomated approach we should also be able to 
eliminate differences in manual expert delinea-
tion (due to different geomorphological schools, 
input layers, expert knowledge and level of 
punctuality), which occur in traditional regional-
izations in different countries. These third-order 
morphostructures represent large landforms 
(particularly mountains and intramontane ba-
sins), which directly reflect the geological struc-
ture and tectonics. Since they are well-reflected 
in terrain morphology, we should be able to 
achieve their delineation using only DEMs and 
their derivatives.  

Therefore, the objects or regions that we pro-
duce can be labelled not only as morphomet-
rical, but rather as morphemetrical-morpho-
structural individuals. Principles of deductive 
approach, where theory is developed into re-
sults, are used. We should achieve several addi-
tions to the existing knowledge: reduction of 
human errors and subjective decisions in manual 
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mapping of geomorphological regions; provi-
sion of objective alternative to manually-made 
morphostructural subdivisions; contribution to 
the ongoing discussion about the update of geo-
morphological regionalisation of Slovakia; de-
veloping an algorithm with methodology trans-
ferability to other areas.  

Structure of this work is as follows. The 
chapter regarding theoretical-methodological 
background is focused on land-surface and geo-
morphometry as well as description of various 
geomorphometric variables and objects used in 
geomorphometry or geomorphology, theory of 
morphostructures and their recognition using 
only geomorphometric variables, historical de-
velopment of both geomorphological and mor-
phostructural regionalizations of the Western 
Carpathians and Slovakia, and definition of 
OBIA as well as its application in geomorpho-
logy. Next, Material and Methods chapter con-
tains description of used methods and input da-
ta. Results chapter is structured as follows. 
First, evaluation of suitability of OBIA for de-

lineation of such subdivision using various re-
solution of input data and several geomorpho-
metric variables is introduced. This evaluation 
focused only on segmentation and its efficiency 
for morphostructure delineation. Next, influ-
ence of the study area extent on segmentation 
results was evaluated, and the most suitable ex-
tent for our purposes was selected. Further, two 
semi-automated object-oriented approaches (i.e. 
combination of segmentation and classification 
at several hierarchical levels) are developed. 
Altogether, two various versions of object-
oriented approaches are produced and mutually 
compared in terms of their suitability, interpret-
tability and versatility. In the last step, the most 
suitable version is selected, objects within our 
study area are interpreted, and the final morpho-
metrical-morphostructural subdivision of the 
Western Carpathians is proposed. Since the ex-
act methodology of the employed object-orien-
ted analyses is innovative and can be considered 
as results, it is included in the Results chapter. 
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2 STUDY AREA   
 
 
———————————————————————————————————————————-- 
————————————————————–— 

The Western Carpathian mountain range was 
described as an active dome-like megamorpho-
structure (part of the Alpine-Carpathian moun-
tain chain) consisting of multiple hierarchically-
ordered morphostructures for the first time by 
MAZÚR (1965). The Western Carpathians can 
be considered as a first-order morphostructural 
division, bordered by the depressions of the Pan-
nonian basin systems and Vienna basin, the Car-
pathian Foredeep and the Transcarpathian de-
pression along its entire periphery (MINÁR et 
al. 2011). Although the terrain of this megamor-
phostructure is irregular, the inner mosaic of the 
mountains and intramontane basins creates dis-
tinct patterns and has the character of a so-called 
intramontane basin region formed predominant-

ly by young tectonic movements in the early 
Neogene (MAZÚR 1965).  

 Definition of the study area, the Western 
Carpathians, is after MINÁR et al. (2011). The 
boundary has gradational character and contains 
not only the core area (limited by sensu stricto 
boundary), but also the transitional and marginal 
areas (limited by sensu lato boundary), where 
mutual geomorphological development is as-
sumed (Fig. 1), with the area of 88,789.2 km2. 
The Fig. 1 includes the boundary of the central 
part of the area, where the clearest contrast and 
morphostructures are located. This test area was 
used for the preliminary evaluation of the seg-
mentation performance and covers the area of 
27,376 km2  (31 % of the W. Carpathians). 

Fig. 1 The location of the Western Carpathians with sensu lato and 
sensu stricto boundaries after (MINÁR et al. 2011), including the rectan-
gular extent of the central test area. 
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According to the modern tectonic concept of 
the Carpathian-Pannonian area of KOVÁČ et 
al. (1998), the Western Carpathians represent 
the microplate ALCAPA separated from the 
Eastern Alps during the early Neogene, and its 
accretionary wedge (outer flysch part). Follo-
wing north-eastward movement of the micro-
plate was linked with subduction, which caused 
stretching of the intra-Carpathians by the slab-
pull effect, and later collision in front of the 
orogene (outer-Carpathians), where compres-
sional tectonics was essential. MINÁR et al. 
(2011), with respect to the existing body of re-
search on the Western Carpathians, identified 
three essential stages in the morphostructural 
evolution of this region:  
– pre-Neogene processes that lead to the for-

mation of a passive morphostructure, but also 
influenced the formation of morpholinea-
ments that, after neotectonic reactivation, 
could later become the boundaries to active 
morphostructures; 

– mostly extensional Miocene tectonics leading 
to creation of a mosaic of elevated and de-

pressed areas that resulted from stretching of 
the overriding plate by the subduction pull 
effect;  

– and structural inversion connected with inten-
sive Late Miocene-Quaternary uplift and crea-
tion of the recent Western Carpathian dome-
like megamorphostructure.  

The compactness of the megamorphostruc-
ture decreases from its core area to the transi-
tional areas mainly in SW, S and NE direction. 
While transitional areas are quite narrow in the 
north, their area in the SW periphery is more 
extensive and open to the Pannonian Basin, on-
ly with narrow and low mountains interfering 
(MINÁR et al. 2011).  

The swath profile traversing the central core 
area of the Western Carpathians in N-S direc-
tion is shown in Fig. 2. The highly rugged struc-
ture of the terrain, as well as altitude increase in 
the S-N direction can be seen there. The avera-
ge altitude of the core area is above 600 m (of 
the whole area only 400 m), with highest parts 
located around its centroid. 

Fig. 2 A 20-km-wide N-S swath profile of the Western Carpathians, derived from the SRTM 
with 90-m resolution, showing mean, median, SD, quartiles and extremes (after MINÁR et al. 
2016).  
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 The following chapter contains the base theory 
and methods essential to thoroughly understand 
this work. Fundamentals of geomorpho-metry 
and OBIA, and historical development of geo-

morphological and morphostructural regiona-
lizations of the Western Carpathians are pre-
sented. 

 

 

 

 

 

 

3 THEORETICAL  AND METHODOLOGICAL  
   BACKGROUND  

———————————————————————————————————————————-- 
————————————————————–— 

3.1  LAND-SURFACE AND GEOMORPHOMETRY 

Land-surface is a dynamic surface modelled 
by geomorphological processes separating the 
solid Earth from the fluid Earth. Its often-used 
synonyms include topography, terrain and relief 
in German and Slavonic languages (MINÁR et 
al. 2016). We understand it as a continuous sca-
lar field of altitudes (KRCHO 1990). Since re-
cently not only the Earth´s surface is analysed, 
but also of other planets (HOFIERKA et al. 
2014), it should be specified in the definition. In 
geography it is most often expressed in the form 
of digital elevation model (DEM). It is a nume-
rical discrete representation of land-surface alti-
tudes, most often on a square grid though trian-
gulated irregular network models or contour/
flowline-based models also exist (MINÁR et al. 
2016). With increase in availability and precise-
ness of global radar DEMs (e.g. SRTM or Tan-
DEM-X) and advances in obtaining high resolu-
tion LiDAR-based DEMs, the square grid 
(raster) DEMs are currently the most widely 
used representations.  

 After PIKE et al. (2009), geomorphometry is 
the science of quantitative land-surface analysis. 
Main tasks of geomorphometry in the recent 
digital era include modelling, parametrisation 
and analysis of land surface based on its general 
input data – DEMs (Geomorphometry from 
DEMs). It is a type of general scientific ap-
proach – morphometric analysis of (any) sur-
face, based on the assumption that surface itself 
can provide valuable information about its func-
tionality, inner composition and even genesis. 
Therefore, it is used not only in geography and 
geomorphology, but also in geology, modern 
biology, zoology, anthropology, engineering or 

arts (MINÁR et al. 2016). History of geomor-
phometry, its concept, various methods and soft-
ware, and general usage is comprehensively 
summarised in a publication by HENGL and 
REUTER (2009). 

 EVANS (1972) divided geomorphometry 
into two complementary approaches – general 
and specific geomorphometry. General geomor-
phometry analyses and interprets land surface as 
continuous field, while specific geomorphome-
try processes parts of land surface (i.e. land-
forms) as separate objects. In general, objects 
are extracted from a continuous field and, vice-
versa, the continuous field is reconstructed by 
merging of these objects (MINÁR et al. 2016). 
Since we are dealing with land-surface objects 
at the regional scale extracted from a continuous 
field of DEM and derived local area-based geo-
morphometric variables, this study is situated at 
the contact of general and specific geomor-
phometry.  

Measures derived from DEM within geomor-
phometry have different designations in scien-
tific literature, mainly with or without geo prefix 
in combination with morphometric: i.e. (geo)
morphometric parameters (e.g. SCHMIDT and 
DIKAU 1999), (geo)morphometric characteris-
tics (VESELSKÝ et al. 2015), (geo)morpho-
metric variables (e.g. IWAHASHI and PIKE 
2007), land-surface variables (e.g. DRĂGUŢ 
and EISANK 2012), land-surface parameters 
(e.g. EISANK et al. 2014), or topographic varia-
bles (e.g. DRĂGUŢ and BLASCHKE 2006). 
EVANS and MINÁR (2011) argue that the 
terms ‘variable’ and ‘attribute’ are more general 
and appropriate in the mathematical point of 
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 view than the term parameter. Therefore, the 
term geomorphometric variables will be used in 
the text of this work. 

 
3.1.1 Geomorphometric variables 
 

 Naturally, altitude, or elevation, is the funda-
mental geomorphometric variable. Basically, in 
the form of DEMs, it is used for computation of 
all other geomorphometric variables. Classifica-
tion of the fundamental geomorphometric varia-
bles used in both general and specific geomor-
phometry are presented in MINÁR et al. (2016). 
Similar lists of geomorphometric variables are 
also in other works (e.g. SCHMIDT and 
DIKAU 1999). 

  Generally, the variables are divided into 
field-based (related to general geomorphometry) 
and object-based variables (related to specific 
geomorphometry). Field-based variables are 
defined by values at or around any point on land 
surface and are further divided into local and 
regional variables. Local variables include alti-
tude and its derivatives (e.g. slope gradient, as-
pect and curvatures) and can be defined precise-
ly at any point or around its local neighbour-
hood (e.g. 3×3-cell moving window) – these are 
so-called point-based local variables. However, 
any local variable can be also descriptively de-
fined in the fixed regular area around the point 
with arbitrary size and shape (e.g. circular or 
squared moving windows) – these are area-
based local variables. They also include vertical 
and horizontal dissection of terrain representing 
range of elevation and drainage density within 
given radius, respectively. Regional variables 
are measured from a point in upslope or 
downslope direction along the terrain itself (e.g. 
distance to stream, height above thalweg or 
catchment area). Object-based variables directly 
describe selected parts of terrain with linear 
(stream network and its classification, orienta-
tion of morpholineaments) or areal shape (its 
descriptive values, neighbourhood analysis or 
any local variable computed within given geo-
morphological object). Further theory of geo-
morphological objects is stated in the following 
chapter. In addition, SHARY et al. (2005) dif-
ferentiate between scale-free geomorphometric 
variables, which keep the relatively same value 
when DEM resolution is changed, and scale-
dependent geomorphometric variables, which 
change limitlessly when DEM resolution is re-
duced. Scale-free variables include altitude and 
regional variables (e.g. catchment area). On the 
other hand, derivatives of altitude (slope gra-
dient and curvature) and most of area-based lo-
cal variables are scale-dependent. However, all 

geomorphometric variables can be affected by 
reduced DEM resolution due to higher presence 
of error.  

 
3.1.2 Objects in geomorphology 
 

With the aim of this work in mind, i.e. to 
algorithmically delineate morphometrical-mor-
phostructural objects, it is important to describe 
various types of objects in geomorphology and 
specific geomorphometry when DEM and auto-
mated methods are used for their definition. We 
recognise five types of geomorphological ob-
jects according to the work of DENG (2007): 
bona fide, prototypical, semantic/fiat, landform 
classes, and multiscale objects. For our purposes 
bona fide, prototypical, and semantic/fiat ob-
jects are the important ones. Bona fide objects 
can be perceived as the real or natural objects 
because they have the smallest dependency on 
human definition, e.g. watershed bordered by 
crisp boundaries or distinct peaks with unques-
tionable existence. Prototypical object may use 
bona fide objects as a conceptual reference and 
their characteristics and locations for its delinea-
tion, though with need of human interventions 
(e.g. valley, ridge, and basin). Fiat (semantic) 
objects do not have an exact reference in the 
real world – their existence depends almost en-
tirely on the human definition, which may vary. 
Thus, their boundaries are strongly subjective, 
which is e.g. case of hillslopes, landform ele-
ments and various geographical or geomorpho-
logical regions (DENG 2007). Objects resulting 
from our work can be perceived as fiat objects, 
but objective determination of their boundaries 
(i.e. theoretical basis of morphostructures pre-
sent in our study area) could shift them at least 
partially towards prototypical objects. Compre-
hensive explanation of the philosophy behind 
both bona fide and fiat boundaries is available 
in SMITH and VARZI (2000). The key to suc-
cessful delineation of any geomorphological 
objects is to correctly capture morphological 
discontinuities representing their boundaries and 
to maximize their internal homogeneity while 
minimizing external homogeneity (DRĂGUŢ 
and EISANK 2012). 

Since only geomorphometric variables will 
be used for delineation of morphostructures in 
our work, objects produced here can be labelled 
not as morphostructural, but rather as morpho-
metric-morphostructural individuals.  
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3.2 THEORY OF MORPHOSTRUCTURES AND THEIR RECOGNITION 

Theoretical basis of morphostructures and 
their research was founded in 1946 by the So-
viet geomorphological school lead by I. P. 
Gerasimov. From there it expanded mainly to 
the Eastern and Central European countries 
(LACIKA 1993, KVITKOVIČ and PLANČÁR 
1975). They are denominated as morphotectonic 
or structural landforms or features in English 
literature (GROHMANN et al. 2007, MINÁR 
and SLÁDEK 2009). Morphostructures are con-
sidered fundamental features of the Earth´s sur-
face, whose development was conditioned 
mainly by tectonic movements originating in the 
Earth´s crust. They are therefore defined as 
large landforms (particularly mountains and 
intramontane basins), whose basic shape and 
geomorphological individualisation directly re-
flect the geological structure and tectonics that 
formed them. Morphostructures are divided into 
active morphostructures, formed by active tec-
tonics (e.g. uplifting horsts or subsiding gra-
bens), and passive morphostructures, condi-
tioned by structural and lithological properties 
(e.g. cuestas). Landforms related to differential 
erosion of morphostructures are known as lower
-order morphosculptures (e.g. gullies, moraines, 
etc.). Morphostructural research of the Western 
Carpathians was introduced by MAZÚR (1965), 
where the author pointed to young tectonic 
movements as the major driving force behind 
terrain shape differrentiation in the mountain 
range. Since then, this theory is generally ap-
plied in the Slovak geomorphology, e.g. in 
MAZÚR (1976, 1979), LACIKA (1993), UR-
BÁNEK and LACIKA (1998), LACIKA and 
LEHOTSKÝ (2013), BANDURA and GAL-
LAY (2015).  

Since morphostructures are well-reflected in 
terrain morphology, their recognition in the 
modern times is performed mainly using DEMs 
and their derivatives. Delineation of morpho-
structures can be achieved in two general ways 
(MINÁR et al. 2011). The traditional, static and 
simple approach consists in retrieving morpho-
logical expression of geological structures. To 
delineate the morphologically most distinct and 
interpretable regions, MINÁR et al. (2011) used 
new, morphologically-based method, linking 
application of targeted morphometric analysis 
and multivariate statistical methods. 
 
3.2.1 Morphostructurally meaningful  

geomorphometric variables 

 
Selection of the right input data is crucial for 

successful terrain regionalisation. The selected 

geomorphometric variables should have smaller 
variation within the required objects than be-
tween them, and they should not be correlated 
(ETZELMÜLLER et al. 2007). In our case, all 
selected variables should be useful for morpho-
structural interpretation.  

The morphostructural individuality of topo-
graphic regions is primarily described by their 
altitudes and roughness. While altitude varies 
markedly between the elevated morphostruc-
tures (mainly horsts), a relatively homogeneous 
degree of roughness, which is represented by 
slope gradient and dissections of terrain, is typi-
cal for all. The terrain dissections represent the 
amplitude of land-surface undulation. In an ide-
al case, its wave height is expressed by vertical 
dissection and its density by horizontal dissec-
tion. Altitude reflects the intensity of vertical 
tectonic movements. Homogeneity of average 
altitude is typical for uniform tectonic blocks, 
while step changes in average altitude are typi-
cal for fault boundaries. Thus, it can be useful 
not only for basic delineation of morphostruc-
tures, but also for their partial differentiation. 
Moreover, it should reflect important structural 
boundaries represented by morpho-lineaments 
(MINÁR and SLÁDEK 2009, MINÁR et al. 
2011).  

Slope gradient, as a fundamental indicator of 
land-surface roughness, should therefore repre-
sent basic terrain discontinuities. Hierarchical 
level of delineated landform boundaries de-
pends on method and scale of its computation 
(WOOD 2009). Slope gradient is used in most 
of the automated approaches for landforms clas-
sifications (e.g. HAMMOND 1954, IWAHA-
SHI and PIKE 2007, ETZELMÜLLER et al. 
2007, ANDERS et al. 2011).  

Vertical dissection of terrain, which is often 
referred to by other terms, e.g. relief or relative 
relief (MINÁR et al. 2016), characterises the 
depth of terrain dissection. It is closely related 
to the landform development and neotectonic 
movements and indirectly reflects geomorpho-
logical processes. It is traditionally calculated as 
a range (max - min) of elevation in a fixed 
(arbitrarily given) area around a given point 
(regular network of moving windows with rec-
tangular or circular shape) or in a somehow de-
fined area (e.g. basins or geomorphological re-
gions). However, according to EVANS (1972) 
using standard deviation of elevation instead of 
range as the measure of amplitude should pro-
vide more stable measurement of this variable. 
He also pointed out the shortcomings of its cal-
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culation using fixed moving window. If the area 
of calculation is too small, the full range of ter-
rain is not captured. Therefore, the area of cal-
culation should be sufficiently large, at least of 
the size of the main topographic wavelength. 

To overcome this issue, concept of Topo-
graphic grain was introduced (WOOD and 
SNELL 1960). Topographic grain describes the 
main significant wavelength of topography and 
it varies substantially with topographic texture. 
It is related to characteristic horizontal spacing 
of main ridges and valleys and thus indicates 
terrain structure. However, its determination re-
quires calculation in the full range of moving 
windows with increasing size. Automation of 
this calculation was tested for the first time by 
PIKE and ACEVEDO (1989). Although there 
are other studies applying the topographic grain 
concept, and attempts for automation of its cal-
culation were made, e.g. by AHNERT (1984), 
GUZZETTI and REICHENBACH (1994), ET-
ZELMÜLLER et al. (2007), a general GIS-ba-
sed tool is still not available. Vertical dissection 
of terrain in Slovakia was manually processed 
by MAZÚR and MAZÚROVÁ (1965), using 
circles of 2-km diameter (sizes from 1 to 4  km 
were tested). Similar computation for the West-
ern Carpathian area was adapted in GIS by 
ŠABO and MINÁR (2015).  

Horizontal dissection of terrain, or drainage 
density, describes the degree of terrain segmen-
tation by linear erosional landforms (e.g. valley 
network). Traditionally, it is computed for an 
areal unit (moving window, basin or any region) 
as the total length of streams in the unit divided 
by its total area. In such manner, it was manual-
ly computed for Slovakia by MAZÚR (1974), 
using a regular grid with size of 4 km2. Yet, this 
definition makes it an attribute of areal unit, and 
thus it is not very suitable to evaluate spatial 

variability of dissection. To typify the Western 
Carpathians morphographic-morphometrically, 
ŠABO and MINÁR (2015) used area-based ho-
rizontal dissection defined in elementary terrain 
units. TUCKER et al. (2001) introduced at-point 
drainage density as the mean distance to the 
nearest stream (mean value of point-to-valley 
length). LUO and STEPINSKI (2008) adjusted 
the computation to half of its reciprocal value. 
Using adequate computation scale, given by the 
size of filtering window, drainage density re-
flecting the spatial variability of pattern in hori-
zontal dissection of terrain is computed. Uni-
form GIS-based elaboration of both vertical and 
horizontal dissection of the Western Carpathian 
terrain, removing the subjective moments of the 
previous works, was carried out by BANDURA 
(2016). The concept of topographic grain was 
applied for computation of vertical dissection, 
and the concept of continuous drainage density 
map using morphology-based stream network 
derivation (JASIEWICZ and METZ 2011) was 
applied for horizontal dissection of terrain. If 
interested, please refer to the extensive theoreti-
cal and methodological basis regarding both 
terrain dissections and their application included 
in (BANDURA 2016). 

 All the four above-mentioned variables are 
considered as standard ones. MINÁR et al. 
(2011) defined a specific geomorphometric va-
riable for differentiation between elevated and 
depressed morphostructural objects – relative 
height, defined as the difference in mean eleva-
tion along a boundary segment of the objects on 
either side (i.e. mean difference in elevation to 
the neighbouring objects). The affinity of ob-
jects to depression or elevation was calculated 
as the average of both positive and negative dif-
ferences of each boundary segment, weighted 
by its length.  

3.3 SUBDIVISIONS OF THE WESTERN CARPATHIANS  

The Western Carpathians are generally dis-
tinguished as a first-order morphostructural di-
vision, which includes a mosaic of discrete 
basic morphostructures – mostly horsts and gra-
bens (mountains and intramontane basins) – as 
subdivision of the third-order. These morpho-
structures are traditionally aggregated at an in-
termediate level into lithologically (paleo-tec-
tonically) determined subdivisions of the sec-
ond order and later alternatively into neo-
tectonically determined concentric second-order 
regions. There have been several proposals for 

morphostructural regionalisation of the second 
order, their overview is presented in chapter 
3.3.2. The third-order morphostructural subdivi-
sion in our study area corresponds to the tradi-
tional geomorphological regions, as the sixth 
hierarchical level. Overview of their historical 
development, mainly within the Slovak part of 
the study area, is presented in the following 
chapter. Selected historical regionalizations 
mentioned in these chapters were vectorised 
into an extensive GIS database by BURDIGO-
VÁ (2016). 
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3.3.1 Geomorphological subdivision of 
the Western Carpathians 

 

Prevailing part of the studies mentioned he-
re is focused on subdivision of Slovakia, as it is 
the central and largest part of the Western Car-
pathian area, and no usable subdivision of the 
full extent of the mountains was done so far. 
Moreover, topic of geomorphological regiona-
lisation (or subdivision) has well-established 
tradition in Slovak geomorphology. Detailed 
historical overviews of various approaches are 
mentioned in e.g. HROMÁDKA (1956) and 
MAZÚR and LUKNIŠ (1978). Beginnings of 
such regionalizations date back to the time when 
only the most distinct land-surface features were 
named, especially mountain ranges (e.g. the 
Carpathians, the Tatras, etc.). Later followed a 
period of connecting and organizing similar 
mountain ranges into groups according to their 
spatial relations. In 1862, D. Štúr was probably 

the first to distinguish so-called mountain chains 
(e.g. Matranský or Považský mountain chain). 
These principles were then used in studies for 
relatively long time. Next period, which focused 
on spatial delineation of orographic regions 
from maps and on their systematic classifica-
tion, was commenced by HROMÁDKA (1943). 
His map (Fig. 3) contains a system of moun-
tains, basins and plains in Slovakia and was up-
dated in HROMÁDKA (1956) (Fig. 4). During 
this period, historical literature as well as expert 
knowledge of land surface was considered when 
delineating regions. Also, nomenclature of the 
regions was consolidated. This at the time very 
progressive subdivision was used, exploited, or 
updated in several later studies, e.g. in the phys-
ical-geographic characterisation of mountains 
and basins of Slovakia by LUKNIŠ and PLE-
SNÍK (1961) or in the orographic map of Slo-
vakia by LUKNIŠ (1972).  

Fig. 3 Geomorphological subdivision of Slovakia made by HROMÁDKA (1943), vector ised 
by BURDIGOVÁ (2016), modified.  
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Fig. 4 Geomorphological subdivision of Slovakia made by HROMÁDKA (1956), vecto-
rised by BURDIGOVÁ (2016), modified.  

All the above-mentioned studies were con-
sidered in the development of the last and cur-
rently used geomorphological subdivision of 
Slovakia at a scale of 1:200 000 (published at a 
scale of 1:1 000 000) made by MAZÚR and 
LUKNIŠ (1978). They applied principles of ana-
lytical regionalisation with the goal to delineate 
and classify geomorphological regions as unre-
peatable individuals within the taxonomic sys-
tem. To derive the actual regionalisation, several 
maps, datasets and geomorphological documents 
were used: previous geomorphological regiona-
lizations (e.g. HROMÁDKA 1956), map of ter-
rain types of Slovakia made by E. Mazúr (not 
published until 1980), map of morphostructures 
of Slovakia (MAZÚR 1976), geological maps 
(1:200 000) and obviously authors’ own expert 
field knowledge. The criteria to determine the 
boundaries of geomorphological regions inclu-
ded contacts of various terrain types (especially 
foothill lines, valleys, terrain edges) as well as 
morphostructural and morphostructural lines 
(MAZÚR and LUKNIŠ 1978). However, more 
accurate description of the exact placement of 
boundaries is missing. Such extensive study with 
detailed methodological description was inten-
ded but never carried out (URBÁNEK et al. 
2009). Since its first publication (Fig. 5), it has 
been reprinted in several maps at a scale of 

1:500 000 (most recently in the Atlas of the Slo-
vak Republic in 2004). Altogether, the authors 
distinguished eight hierarchical levels, the level 
of regions (84 polygons) being the sixth one. 
Regions are at the lower level divided into sub-
regions and parts, but the division is not con-
sistent (not every region contains sub-regions, 
and not every sub-region contains parts). 

More recently, update of this division in 
terms of vectorisation, partial refinement of 
boundaries and adding some new subdivisions 
was carried out at a scale of 1:50 000 by a team 
of Slovak geomorphologists (URBÁNEK et al. 
2009). This work not only increased the accura-
cy of the boundaries and produced them in use-
ful digital form, but also highlighted the short-
comings of the division and provided partial ex-
planations of adjustments in several questionable 
situations. However, this update (Fig. 6) is still 
not fully completed. Although the authors poin-
ted to several inconsistencies in hierarchy of 
regions and sub-regions and their nomenclature 
and proposed some changes, these were stated as 
tasks for future research and left as are for now.  

 Similar elaborations of geomorphological di-
vision at the national level are also available in 
other countries where the Western Carpathians 
stretch. J. Hromádka elaborated geomorphologi-
cal division of the former Czechoslovak Repub-
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lic in the 1930s; its update for the Czech Repub-
lic was done by BALATKA et al. (1971) and 
published in (MAZÚR et al. 1986) along with 
the Slovak one. The latest physical-geographical 
regionalisation of Poland was carried out by 
KONDRACKI (1978), and geomorphological 

regions of Hungary were suggested by PÉCSI 
and SOMOGYI (1969). All these divisions at 
the level of regions were compiled by MINÁR 
et al. (2011) for the extent of the Western Carpa-
thians (Fig. 7). 

Fig. 5 Geomorphological subdivision of Slovakia made by MAZÚR and LUKNIŠ (1978). 
Boundaries of regions (thinner black polylines), boundaries of sub-regions (dashed black polylines).  

Fig. 6 Geomorphological subdivision of Slovakia at the level of regions and sub -regions of Slo-
vakia by MAZÚR and LUKNIŠ (1978), after vectorisation and refinement by URBÁNEK et al. 
(2009).  
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Fig. 7 Geomorphological subdivision of the Western Carpathians s. l. (synthesis of national geo-
morphological subdivisions: MAZÚR and LUKNIŠ (1978), BALATKA et al. (1971), KONDRACKI 
(1978), PÉCSI and SOMOGYI (1969), compiled by MINÁR et al. (2011).  

In 2015, the new Atlas of the Tatra Mts. was 
published, with the map of physical-geogra-
phical regions of the Western Carpathians in-
cluded (BALON et al. 2015). Despite the use of 
the above-mentioned national divisions as refe-
rences, these presumably expert-drawn regions 
have many ambiguities. They show the ques-
tionable boundaries, and the nomenclature of 
some mountains and basins, at least within the 
Slovak part, is inconsistent; therefore, we can 
consider this regionalisation wrong compared to 
the traditional one. 

 
3.3.2 Morphostructural subdivision of the   

Western Carpathians 

All the previously published morphostructu-
ral subdivisions of either Slovakia or the whole 
Western Carpathians have one principle in com-
mon: the hierarchical arrangement of different 
levels of the recognised morphostructures. 
While both the highest level (first-order dome-

like megamorphostructure) and the lowest level 
(third-order morphostructures – mountains and 
basins, perceived as the sixth order of traditio-
nal geomorphological regions, with older struc-
tures considered, too) seem to be clear, the si-
tuation of the intermediate second-order level is 
ambiguous. The higher levels of traditional geo-
morphological subdivisions, i.e. geomorpholo-
gical sub-provinces, tend to only reflect geolo-
gical structures, but their correspondence with 
terrain morphology is weaker (MINÁR et al. 
2011).  

 Already MAZÚR (1965) recognised the 
Western Carpathians as a first-order mega-
morphostructure, which is an extensive, rela-
tively flat and elevated area with elliptical shape 
(so-called Western Carpathian up warp). He 
attributed its rise to repeated vertical move-
ments triggered by sub-crustal magma move-
ment or lateral pressure in combination with an 
isostatic response. This schematic subdivision 
(Fig. 8) was later  modified into general 
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morhostructural plan of the Western Carpa-
thians by MAZÚR (1979) – Fig. 9. The West-
ern Carpathian megamorphostructure was divi-
ded into two lower-level morphostructural re-
gions – the block of the Inner Western Carpa-
thians and the arc of the Outer Western Carpa-
thians, separated by continuously lowered fea-
tures bounded to the Pieniny Klippen Belt. The 
block of the Inner Western Carpathians was 
then divided into five lower-level morphostruc-
tures, which are specific by irregular mosaic of 
elevated and lowered structures – basic morpho-
structures of mountains and intramontane basins 
at the lowest hierarchical level. The arc of the 
Outer Western Carpathians was divided into two 
lover-level morphostructures, whose subdivision 
at the lowest level is similar. Outside of the own 
Western Carpathian region, morphostructures of 
the transitional area were distinguished: Eastern 
Carpathians and Pannonian basin. 

After almost three decades, a new morpho-
logically-defined second-order morphostructural 
subdivision was proposed by LACIKA and UR-
BÁNEK (1998), though only for the area of Slo-
vakia and without exact explanation (e.g. deline-
ation of third-order morphostructures and fur-
ther interpretation (Fig. 10). Similarly, to the 
previous division made by MAZÚR (1979), the 
territory of Slovakia is divided into the Carpa-
thians and the Pannonian basin at the first-order 
level, and the Carpathians are divided into the 
Western and the Eastern Carpathians at the sub-
level. In contrast, the authors applied different 
regionalisation criteria at the lower, second-

order, level. In the later subdivision, individual 
morphostructural regions are arranged concen-
trically, which is how this dome-like mega-
morphostructure should be correctly differenti-
ated (LACIKA and URBÁNEK 1998). The ter-
ritory of the Western Carpathians within Slo-
vakia was divided into three morphostructural 
regions: Central morphostructures (with two sub
-regions), Transitional morphostructures (with 
five sub-regions), and Marginal morphostruc-
tures (with five sub-regions), complemented by 
Southern depressed and elevated morphostruc-
tures. To such concentric arrangement of the 
regions pointed also MAZÚR (1979) but did not 
apply it. 

The most recent morphostructural subdivi-
sion of the Western Carpathians was proposed 
by MINÁR et al. (2011). It is the first presenta-
tion of the second-order morphostructural subdi-
vision of the whole Western Carpathians, based 
on a combination of targeted morphometric 
analysis with geodynamics. It can be perceived 
as an improvement of the latest subdivision 
made by LACIKA and URBÁNEK (1998). The 
improvement lies in the application of quantita-
tive methods (i.e. targeted morphometric analy-
sis of traditional geomorphological regions), in 
the description of the Western Carpathians as a 
whole, and in the application of geological, geo-
physical and geodynamical data. The traditional 
geomorphological regions, which represent 
basic morphostructures, were characterised by 
three morphostructurally-meaningful geomor-
phometric variables – altitude, slope gradient, 

Fig. 8 Schematic map of the Western Carpathian up warp made by MAZÚR 
(1965), vectorised by BURDIGOVÁ (2016), modified.  
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Fig. 9 General Plan of the Western Carpathian morphostructures made by MAZÚR (1979), 
vectorised by BURDIGOVÁ (2016), modified. 



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

24 

and vertical dissection of terrain. Positive (ele-
vations), negative (depressions) and ambiguous 
(neutral) basic morphostructures were distin-
guished based on their relative height along 
boundaries. The separated positive and negative 
basic morphostructures were subsequently ag-
gregated into larger regions using supervised 
cluster analysis, which ensured the greatest con-
trast between them. For schematic generalisation 

and better morphotectonic interpretation of the 
delimited regions, their course was moved to the 
nearest morpholineaments (morpholineaments 
were derived at scales of 1:3 000 000 and 
1:1 000 000). Altogether, nine new concentrical-
ly-arranged morphostructural regions of the se-
cond order with 16 sub-regions were defined 
and described within the Western Carpathians 
(Fig. 11). These regions have markedly higher  

Fig. 10 Morphostructural subdivision of Slovakia made by LACIKA and URBÁNEK 
(1998), vectorised by BURDIGOVÁ (2016), modified. 

Fig. 11 Morphostructural subdivision of the Western Carpathians after MINÁR 
et al. (2011).  
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homogeneity in terms of their morphology than 
the traditional geomorphological regions of a 
similar order (MINÁR et al. 2011). 

Description of the labels in Fig.11. Isolated 
Tatra Region (1) in the centre is surrounded by 
the following: Central Region (2) with Sub-
regions Tatra (2a) and Fatra (2b), Transitional 
Region (3) with Beskid Żywiecki‒Gorce (3a), 
Beskid Sądecki‒Levočské vrchy (3b), Slov-
enské rudohorie (3c), Strážovské vrchy‒
Kremnické Vrchy (3d), Javorníky (3e) and Mo-

ravian-Silesian Beskids (3f) Subregions, West 
Marginal Region (4) with Biele Karpaty‒
Štiavnické vrchy (4a) and Javorie (4b) Sub-
regions, North‒East Marginal Region (5) with 
Beskid Wyspowy (5a) and Low Beskids (5b) 
Sub-regions, North Foreland Region (6), South
‒East Region (7) with South‒East Marginal 
(7a) and South‒East Foreland (7b) Sub-regions, 
South‒West Foreland region (8) with Vienna 
Basin (8a) and Danube Basin (8b) Sub-regions, 
and Transdanubian Mountains Region (9). 

3.4  OBJECT-BASED IMAGE ANALYSIS 

Object-based Image Analysis (OBIA) is a 
methodological approach focused on analysis of 
any raster image. It was introduced into remote 
sensing (RS) and GIS science around the year 
2000, when the first commercial software deve-
loped specifically for the delineation and analy-
sis of image objects appeared (object-oriented 
image analysis by Definiens Imaging GmbH). 
Until that time, the pixel-based approach had 
been dominant in analysing RS data. However, 
with constantly increasing availability of high 
spatial resolution data, downsides of this ap-
proach were deepening, and the object-based 
approach started to dominate. Once the spatial 
resolution was finer than the typical objects of 
interest (e.g. trees and buildings), i.e. they were 
composed of many pixels, a critical question 
emerged: Why are we so focused on the statisti-
cal analysis of single pixels, rather than on the 
spatial patterns they create? (BLASCHKE and 
STROBL 2001). Moreover, the objects of inter-
est are characterised by not only spectral values, 
but also shape, texture, and relationships be-
tween neighbouring objects. However, these are 
the characteristics that the pixel-based approach 
does not consider. In contrast, it is widely 
known that OBIA builds on older segmentation, 
edge-detection and classification concepts, 
which have been used in analysis of RS data for 
decades (BLASCHKE et al. 2008). Shifting 
from pixel-based towards object-based ap-
proach, processing of RS images became closer 
to the concept of human interpretation:  human 
eye does not evaluate individual pixels but ra-
ther focuses on homogeneous parts of an image 
and recognises individual objects by spectral, 
spatial, geometric or other information they con-
tain. Especially the spatial information of ob-
jects emphasises the geographical aspect, which 
was missing in pixel-based approach. Discrete 
image objects carry much greater value in imi-
tating the real world than pixels (BLASCHKE 

and STROBL 2001) and are also more suitable 
for human understanding of the real world in 
GIS (GOODCHILD et al. 2007). To distinguish 
OBIA in GIS sciences from OBIA in other dis-
ciplines, HAY and CASTILLA (2008) proposed 
a name Geographic Object-Based Image Analy-
sis (GEOBIA). Use of this term was enhanced 
by BLASCHKE et al. (2014), who presented 
GEOBIA as a new paradigm in RS and GIS sci-
ence. Nevertheless, the term OBIA still domi-
nates scientific literature in the field of geogra-
phy and GIS science, and both these terms are 
used synonymously (as in this work). 

 

3.4.1 Definition, concept and principles of 
OBIA 

 
According to HAY and CASTILLA (2008), 

GEOBIA in simple terms is object-based analy-
sis of Earth RS imagery. Their more specific 
definition is as following: GEOBIA is a sub-
discipline of Geographic Information Science 
(GIScience) devoted to developing automated 
methods to partition remote sensing imagery 
into meaningful image-objects, and assessing 
their characteristics through spatial, spectral 
and temporal scales, so as to generate new geo-
graphic information in GIS-ready format. This 
definition was adjusted by BLASCHKE et al. 
(2014) to the following: GEOBIA is a recent 
approach (including theory, methods, and tools) 
to partition remote sensing imagery into mea-
ningful image-objects and assess their characte-
ristics through scale. Therefore, the primary 
objective of GEOBIA is to develop a theory, 
methods and tools that are sufficient to replicate 
or even exceed the experienced human interpre-
tation of RS images, in reproducible automated 
or semi-automated way, resulting in more accu-
rate information, less subjectivity, and reduced 
costs. In short, its aim is to generate geographic 
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information (in GIS-ready format) to obtain new 
spatial knowledge (HAY and CASTILLA 
2008). The first stage of OBIA development in 
RS was mainly dedicated to development of 
software and algorithms needed for generation 
and analysis of objects. The latest phase of the 
research is more focused on incorporation and 
development of geographic-based intelligence 
(appropriate information within a geographical 
context) of OBIA and on automation of the pro-
cesses (BLASCHKE 2010).  

GEOBIA represents a highly-demanded link 
between raster domain of RS data and vector 
domain of GIS. The link lies in generation of 
polygons, i.e. (classified) image-objects, which 
represent geographic objects (HAY and CAS-
TILLA 2008). BENZ et al. (2004) defined im-
age-objects as contiguous regions in an image. 
However, CASTILLA and HAY (2008) argue 
that such regions should hold discreetness, inter-
nal coherency and external contrast to qualify as 
an image-object. Thus, they define image-object 
as a discrete region of a digital image that is in-
ternally coherent and different from its sur-
roundings. 

The most fundamental step in OBIA is image 
segmentation – production of image-objects 
through aggregation of pixels (the smallest enti-
ty of RS image). Segmentation is a process of 
complete partitioning of a scene, e.g. a RS ima-
ge, into discrete non-overlapping regions that 
are homogeneous in terms of their spatial or 
spectral characteristics (SCHIEWE 2002, DRĂ-
GUŢ et al. 2010). These homogeneous regions 
are referred to as segments. In feature extrac-
tion, segmentation would be the end of ana-
lysis. But in GEOBIA it is only the initial step in 
a process that leads to derivation of meaningful 
image objects (BLASCHKE et al. 2014). These 
segments themselves can be considered as im-
age objects according to their definition above: 
from the point of view of segmentation they are 
discrete, internally homogeneous and externally 
heterogeneous. However, a human interpreter 
may assess their properties differently. Results 
of segmentation can have two variants of short-
comings: over-segmentation, where the contrast 
between (e.g. two) adjacent segments is insuffi-
cient and they should be merged into one image-
object; and under-segmentation, where some 
segments lack coherency and should be split 
into several image-objects. In general, over-
segmentation is less problematic, since merging 
the segments is easier than splitting them due 
under-segmentation. Thus, a segmentation is 
considered good when it shows little over-
segmentation and almost no under-segmen-
tation. Therefore, in the case of a good segmen-

tation the resulting segments can be referred to 
as image-objects (CASTILLA and HAY 2008). 
However, it is not a simple task to achieve good 
(meaningful) results with a single segmentation, 
since not only the choice of the most suitable 
segmentation technique, but also refining of in-
put parameters is crucial. In general, available 
segmentation methods are divided into three 
approaches: pixel-based, edge-based and region-
based methods (BLASCHKE et al. 2014).  

Segmentation in geomorphometry is specifi-
cally defined as land-surface segmentation, i.e. 
as the process of partitioning DEMs and its de-
rivatives (geomorphometric variables) into spa-
tially discrete terrain segments (MINÁR and 
EVANS 2008). Only edge-based and region-
based methods are used for land-surface seg-
mentation (ROMSTAD and ETZELMÜLLER 
2012). These algorithms partition the terrain 
based on identification of topographic disconti-
nuities, e.g. slope breaks or hydrological net-
works, and region-based methods merge adja-
cent pixels of similar geomorphometric varia-
bles (EISANK et al. 2014). Region-based me-
thods are further divided, based on the start of 
initial segmentation, on region growing (bottom
-up, starting at the level of pixels) and region 
splitting (top-down, starting at the level of entire 
scene), though their combination can be applied, 
too (SCHIEWE 2002). There are many segmen-
tation algorithms implemented in various pro-
grammes. Their overview and comparison are 
published e.g. in (van NIEKERK 2010, STAN-
KOVÁ 2012).  

Currently the most used and popular com-
mercial RS software for OBIA is the eCogni-
tion® Developer (TRIMBLE 2014), a success-
ful successor of the first GEOBIA software in-
troduced in 2000 by Definiens GmbH. It offers a 
wide range of basic or more complex segmenta-
tion algorithms. All segmentation algorithms 
can be executed on both pixel level and previ-
ously-created image object level for its addition-
al refinement (i.e. merging of objects into larger 
ones or splitting into smaller ones. Thus, GEO-
BIA can analyse multiple scales within one im-
age, and often achieves it by various hierarchi-
cally linked levels of segmentation. Such hierar-
chical relationship of image objects, including 
relationships to the neighbouring objects is illus-
trated in Fig. 12.   

The segmentation step is usually followed by 
the classification (i.e. objectification) step, 
which leads towards meaningful definition of 
the delineated segments as the main information 
carrier. In addition to numerical attributes of 
segments (e.g. mean values of included pixels), 
their size, shape, location, texture, boundary 
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conditions and topological relationships to 
neighbouring-, super- and sub-segments can al-
so be used within the classification process 
(BLASCHKE et al. 2014).  

 
3.4.2 Object-oriented image analysis 
 

The workflow of OBIA consists of the two 
steps – segmentation, possibly in a multi-level 
object hierarchy, in the first step and classifica-
tion of segments in the second step. However, in 
such workflow segments remain the same once 
they are created and possibly influence the full 
scene classification if not all of them are cor-
rect. 

Therefore, BAATZ et al. (2008) described an 
alternative and more advanced workflow (so-
called object-oriented image analysis), which 
not only use segments as the basis for classifica-
tion, but also brings them and their shape into 
the focus of the analysis. Objects are iteratively 
modelled with the continuous extraction and use 
of expert knowledge. In contrast to object-based 
workflow, object primitives resulting from the 
first segmentation are used not only as infor-
mation carriers, but also as building blocks for 

any further shape modification, merging, split-
ting, and segmentation procedures. In the se-
quence of the processing steps, alternating eva-
luation and classification, these initial object 
primitives are constantly changing until they 
become the desired objects of interest. Illustra-
tion of such object-oriented workflow is in Fig. 
13. Each step builds on the results of the pre-
vious one, and mutual dependency between seg-
mentation and classification is nested. The pro-
cess starts with creation of segments (object 
primitives) using any segmentation algorithm. 
These are used in the next step to perform first 
evaluation and classification – this is when se-
mantics is introduced into the process. The sub-
sequent steps are then used for refinement (or 
improvement) of the segmentation locally and 
for a specific class. Thus, processes of local ob-
ject modification and local object classification 
alternate iteratively during the process. This 
allows to address different object classes with 
different object modification strategies, up to 
the point they represent the final objects of in-
terest. As the analysis progresses, classification 
detail and accuracy, segmentation detail and 
accuracy, as well as use of expert knowledge 
and semantics increase. Object domain is used 

Fig. 12 Hierarchy of image objects after  BLASCHKE et 
al. (2014). Objects have spatial (topological) neighbourhood 
relationships and hierarchical relationships, e.g. is-part-of or 
consists-of.  
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as the central concept in the object-oriented 
workflow. It defines a specific subset of ob-
jects, which segmentation or classification is 
applied on after the first full-scene segmenta-
tion and classification. The object domain, de-
fined in terms of specific attributes or classifi-
cation of objects, can, and should, change 
throughout the process. In the iteratively alter-
nating object-oriented workflow, the object do-
main is the essential connector between seg-
mentations and classifications (BAATZ et al. 
2008). In short, object-oriented approach is an 
iterative process, where several hierarchically 
and topologically linked segmentations and 
classifications are applied until the targeted ob-
jects are obtained. 

 
3.4.3 Multiresolution segmentation       

algorithm (MRS) 
 

One of the most popular and widely used 
segmentation algorithms is Multiresolution seg-
mentation (MRS), developed by BAATZ and 
SCHÄPE (2000) and implemented in the eCog-
nition Developer software (TRIMBLE 2014). 
MRS is a bottom-up segmentation algorithm 
based on the pairwise region-merging (or re-
gion-growing) technique, allowing users to cre-
ate segments at multiple object levels, i.e. a hie-

rarchical network is constructed with objects 
related from level to level. According to van 
NIEKERK (2010), MRS is the most suitable 
algorithm for decomposing of DEMs and its 
derivatives, and it was applied in most of the 
studies delineating various landforms. 

Segmentation starts at the level of pixels (or 
one-pixel objects), and gradually, in numerous 
iterative segmentation steps, smaller image ob-
jects are merged into larger ones. Throughout 
this clustering process, the optimisation proce-
dure tries to minimise the internal weighted 
heterogeneity for each object, i.e. for a given 
number of objects it minimises the average het-
erogeneity and thus maximises their respective 
homogeneity. For each object, the smallest pos-
sible growth is calculated. If the properties of 
object exceed the heterogeneity threshold de-
fined by the Scale parameter, the growth of this 
object stops. The heterogeneity criterion is de-
fined as a combination of spectral homogeneity 
and shape homogeneity. The procedure simu-
lates simultaneous growth of objects over a sce-
ne in each step to achieve adjacent objects of 
similar size, i.e. of comparable scales (BENZ et 
al. 2004).  

The process of object-growing (mutual-best-
fitting approach) is as following (Fig. 14): the 
seed object looks for its best-fitting neighbour – 

Fig. 13 Object-oriented image analysis: the generic procedure after 
BAATZ et al. (2008). 
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candidate for merging according to the homoge-
neity criterion. Potential merging of objects is 
evaluated by homogeneity of the objects before 
and after their merging. When the best-fitting is 
mutual, objects are merged. If it is not mutual, 
the candidate object becomes the new seed ob-
ject and starts to find its best-fitting neighbour. 
In each segmentation loop, every image object 
in the object level is processed once in such 
manner. The looping continues until no more 
merging of objects without exceeding the homo-
geneity threshold is possible (Trimble 2014). 
The procedure applies the same homogeneity 
criterion over the whole scene, which ensures 
that the resulting objects are at comparable scale 
(i.e. their size might be different but internal 
properties are similar). 

 

3.4.3.1 MRS settings  

 
 The most fundamental parameter in MRS is 

the Scale parameter (SP). It is an abstract term 
and dimensionless number that controls the 
maximum heterogeneity (or the minimal homo-
geneity) permitted within the resulting objects 
and is indirectly related to their size. In general, 
the higher the SP, the larger and less homogene-
ous the resulting objects, and vice versa. Howe-
ver, with more heterogeneous input data, the 
resulting objects for a given SP will be smaller 
than with more homogeneous input data (TRIM-

BLE 2014). Thus, the SP is not straightforward-
ly linked to a certain object size. This makes 
finding its appropriate value without performing 
some trial-and-error attempts very difficult 
(DRǍGUŢ et al. 2010). The object homogenei-
ty, to which the SP refers, is defined by the 
Composition of homogeneity – homogeneity 
here is used as a synonym for minimised hetero-
geneity (Fig. 15). Internally, it consists of three 
additional criteria weighted by the user – colour, 
i.e. spectral values of pixels (controlled by the 
shape parameter), smoothness and compactness 
(controlled by the Compactness parameter). 
They can be applied in many combinations, but 
the colour criterion is usually the most important 
for creation of meaningful objects. Nevertheless, 
a certain degree of shape homogeneity often 
improves the quality of extracted objects, as 
their compactness is associated with the concept 
of image shape. The value of the Shape parame-
ter (0.0 – 1) modifies the relationship between 
shape (texture) and colour criteria in homoge-
neity of objects: the higher shape factor is 
weighted, the lower influence of spectral values 
of the image layers will be on the homogeneity 
criterion, and vice versa. However, the value 
cannot be larger than 0.9, because the resulting 
objects would not have any relation to the input 
layers without the spectral information. The va-
lue of the Compactness parameter (0.0 – 1) addi-
tionally calibrates the shape of the resulting ob-
jects. Smoothness factor describes the similarity 

Fig. 14 Process of object merging in the MRS. Seed object (red dot) is looking 
for its best-fitting neighbour candidate (red arrow, 1). If the best-fitting is not mu-
tual, the algorithm moves on with the second object (2) looking for its best-fitting 
neighbour (3). This object-to-object hopping repeats (4) until the best-fitting is 
mutual (reversing black arrows, 5) and objects are merged (6), after TRIMBLE 
(2014). 
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between the object borders and a perfect square, 
while compactness factor describes the close-
ness of pixels clustered in an object by compar-
ing it to a circle. If it is weighted low (0.1 – 
0.5), the smoothness factor is increased and ob-
jects with more linear shape are favoured in the 
weighting of heterogeneity. Its higher values 
(0.5 – 1) will result in more compact objects. 

 Apart from these three parameters, the user 
also controls the weight of the input layers (if 
more than one is used). The higher the layer 
weight is, the higher weight will be assigned to 
pixels of that layer in the segmentation process. 
Moreover, use of a thematic (i.e. vector) layer is 
allowed, but, as a result, all features of the layer 
will reflect in object boundaries. For more tech-
nical details on MRS, please refer to BAATZ 
and SCHÄPE (2000) or BENZ et al. (2004). 

 
3.4.4 Automated scale parametrisation in   

the MRS 
 

Definition of the most suitable scale in the 
MRS is problematic and usually addressed by 
subjective trial-and-error procedure. Even 
though the initial segmentation in OBIA is not 
the final analysis and is often regarded as a pre-
processing step followed by a classification 
step, its level of detail (i.e. scale, the average 
object size) has inevitable impact on the classi-
fication accuracy of the result (GAO et al. 
2011). Thus, making the scale selection in seg-

mentation (in MRS – selection of SP) a more 
objective decision (or reproducible) is a chal-
lenging issue (BLASCHKE 2010). So far, there 
have been several attempts to do so. For in-
stance, ESPINDOLA et al. (2006) proposed an 
objective function that uses inherent properties 
of RS data (spatial autocorrelation and variance) 
to support the selection of segmentation param-
eters. This approach was further developed into 
multi-scale analysis by MARTHA et al. (2011). 
The same heterogeneity measures were em-
ployed by JOHNSON and XIE (2011) for iden-
tification and further refinement of over- and 
under-segmented regions in a given segmenta-
tion scale level. However, all these methods 
require user interpretation and are thus classi-
fied as supervised which hinders automation of 
segmentation in the GEOBIA framework 
(DRǍGUŢ et al. 2014). Unsupervised methods 
can lead to self-tuning of segmentation parame-
ters, leading to automation of the process itself 
(ZHANG et al. 2008). Although some degree of 
automation in segmentation was achieved for 
specific tasks (e.g. ESCH et al. 2008) generic 
solutions are still rare (DRǍGUŢ et al. 2014).  

 An automated tool the Estimation of Scale 
Parameters (ESP tool), developed by DRǍGUŢ 
et al. (2010), focuses on objective identification 
of the most suitable range of SPs to handle the 
MRS. It builds on a concept of local variance 
(LV) graphs to reveal the spatial structure of RS 
images, introduced by WOODCOCK and 
STRAHLER (1987). They examined the rela-

Fig. 15 Composition of parameters (Homogeneity cr iter ion) in the MRS, after  TRIMBLE 
(2014).  
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tionship between spatial structure of images, 
size of the objects in the real world, and pixel 
resolution. Thus, the key to matching the real-
world features was finding the right pixel reso-
lution. The authors proposed measurement of 
LV as the value of standard deviation (SD) in a 
regular small neighbourhood (3 × 3 moving 
window), the mean of these values over the en-
tire image represented the value of local varia-
bility in the image. Such procedure was succes-
sively applied on coarser scales. The resulting 
graph of the measured LV values as a function 
of pixel resolution exploited the spatial structure 
of the image and its basic characteristic – spatial 
autocorrelation (Fig. 16A). Low LV values indi-
cate that the spatial resolution is considerably 
finer than the objects in the scene; increasing 
LV values signalise that the objects in the scene 
approximate the resolution. This concept was 
introduced to OBIA by KIM et al. (2008) for 
determination of relationship between segment 
variance and spatial autocorrelation at different 
SPs to define the optimal object size. Instead of 
computing LV with moving window, they de-
rived it from objects resulting from segmenta-
tion (DRǍGUŢ et al. 2010). Suitability of LV 
concept for application in geomorphometry was 
tested by DRĂGUŢ et al. (2011). This approach 
was automated and extended into multi-scale 
analysis in the ESP tool available in the eCogni-
tion Developer software as a customised ready-
to-use process. The tool automatically performs 
iterative segmentations (based on the MRS) at 
various levels with a user-defined SP increment 
and ranges. LV is calculated as the average SD 
of all objects at a given scale level. To assess 
the dynamics of LV change from one object 
level to another, a measure called rate of change 
of LV (ROC-LV) was suggested with the fol-
lowing computation: 

 

 
 

where L = LV at the target level and L-1 = 
LV at the next lower level. 

The hypothesis of the authors is that signifi-
cant positive peaks on the ROC-LV curve 
should indicate the SP values at which the ima-
ge can be most appropriately segmented, rela-
tive to data properties and the scene level; the 
segments match the types of objects character-
ised by relatively equal degree of homogeneity 
across the scene. The output of the tool is a text 
file containing values of both LV and ROC-LV 
for further interpretation by user (Fig. 16B). 
Looking at the graph, the LV values increase 
with higher SP, while the ROC-LV values have 
the opposite trend. The authors consider the first 
break after a continuous decay, which may ap-
pear as a small step or peak, as a meaningful 
threshold. Moreover, the most obvious peaks 
dominating their neighbourhood can indicate 
optimal SP values, too.  

 Since the results of the ESP tool are still de-
pendent on interpretation by user, it is classified 
as a supervised method, too. Therefore, the au-
thors further developed the idea in DRĂGUŢ 
and EISANK (2012), and later in DRǍGUŢ et 
al. (2014) they introduced a fully automated 
methodology for selection of suitable SPs in the 
form of the second version of the tool – Auto-
mated Estimation of Scale Parameter (ESP 2) 
tool. The improvement lies in application of the 
LV concept on multiple input layers (maximum 
of 30) and implementation of fully automated 
production of three scale levels. To apply the 
concept of LV and SP selection on multiple la-
yers, arithmetical average of LVs of all input la-
yers is computed. The automated selection of 

Fig. 16 Graph of LV values as a function of resolution after  WOODCOCK and STRAHLER 
(1987) (A) and as a function of SP after DRǍGUŢ et al. (2010) (B), red dot indicates the first step, 
blue dots indicate prominent peaks.  

, 
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SPs rests upon the automation of the ESP tool: 
analysis of an LV graph was replaced by an iter-
ative process that segments the input layers at 
the first threshold in the LV graph. This possi-
bility was revealed by DRĂGUŢ and EISANK 
(2012), who found that the LV thresholds can be 
extracted at the point (SP = Scale) where the LV 
value at a given level (LVn) is equal to or lower 
than the value at the previous level (LVn-1). 
The level n-1 is then selected as the optimal 
scale for segmentation within a given parametri-
sation. The scheme of the computation is in Fig. 
17.   

 There are several computation options in the 
tool, which can be adjusted by the user: use of 
hierarchy, hierarchy manner (bottom-up or top-
down), starting scale (SP) and step size (value 
of increment of SP increase) for each level 
(three are processed), shape and compactness 
(same as in original MRS), production of LV 
graph and number of loops of the whole pro-
cess. By default, SP increments should increase 
with levels. If a non-hierarchy approach is se-
lected (one-level representation), the MRS inde-
pendently creates three levels, which start from 
pixels at each step of the iteration, and i.e. no 
parent/child relationship is established between 
the objects. If hierarchy is selected (multiscale 
segmentation), each object level builds on the 
already created objects of the previous level – 
either the lower level in a bottom-up manner 
(i.e. segmentation proceeds from finer scales 
upward) or the upper level in a top-down man-
ner (i.e. segmentation proceeds from broader 
scales downward). Selection of additional SP 
values is also possible based on the optional LV 
graph. 

 
3.4.5 Accuracy assessment in OBIA 

 

Results of OBIA need to be evaluated in 
terms of their accuracy before they can be used 
for the given purpose. However, some uncer-
tainty given by automation and scale variations 
in OBIA process cannot be avoided in the final 

product (ALBRECHT et al. 2010). Individual 
accuracy of both segmentation and classification 
is generally assessed against the reference data. 
In RS, manually delineated and classified ob-
jects, whose correctness is usually checked in 
the field, are considered as ground truth refe-
rence data. Still, subjective decisions of authors 
during manual delineation of objects of interest 
play great role, as noted in (ALBRECHT et al. 
2010). Even though classification is considered 
an end product of OBIA, it is accuracy of the 
objects in segmentation that is especially im-
portant, since shape and properties of objects 
further influence the classification. Quantitative 
accuracy of segmentation can be measured by 
agreement between boundaries of segments and 
reference polygons or by their spatial overlap. 
Such assessment was often carried out visually 
(qualitatively), based on the expert knowledge; 
however, there are now several methods for 
measurement of segmentation goodness availa-
ble, though some generic tool in OBIA is still 
missing. Particularly challenging is assessment 
in the multiscale approach (DRǍGUŢ et al. 
2010). Minimum of 50 % as a threshold for 
overlapping boundaries/objects is considered as 
appropriate in such quantitative accuracy assess-
ment. When the accuracy of segmentation 
reaches ca. 60 – 70 %, the segmentation is con-
sidered good. Additional percentage points re-
quire exponential increase in time spent and ef-
fort expended (DRǍGUŢ 2015, personal com-
munication).  

Methodology for assessment of relative ac-
curacy of automatically extracted boundaries 
from RS images against equivalent reference 
data within buffer zones was presented by 
HEIPKE et al. (1997). Based on the overlay of 
extracted and reference data, they calculated 
four quality measures: completeness, correct-
ness, quality, and redundancy. However, it is a 
more complicated to quantify the spatial match 
of segmented objects and reference polygons. A 
set of area-based, location-based and combined 
measures to assess such overlap was proposed 
by CLINTON et al. (2010); some of them were 

Fig. 17 Scheme of extraction of the SP value that cor responds to the threshold in the LV 
graph after DRĂGUŢ and EISANK (2012), l is the increment (i.e. step size) of SP growth. 
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also used by DRǍGUŢ et al. (2014) and EI-
SANK et al. (2014), e.g. Area Fit Index, Under-
Segmentation and Over-Segmentation, their 
combination, and the Quality Rate.  

 
3.4.6 Applications of OBIA in Geomor-

phology 
 

 The idea of using OBIA in geomorphology 
originated from the same structure of input data 
– raster images in RS and raster DEMs in geo-
morphology. The first significant application of 
OBIA in geomorphology or geomorphometry 
was introduced at the same time by DRĂGUŢ 
and BLASCHKE (2006) and van ASSELEN 
and SEIJMONSBERGEN (2006). The former is 
focused on automated classification of land-
forms based on their geometry, the latter on ex-
pert-driven semi-automated geomorphological 
mapping of a mountainous Alpine area using a 
laser DEM. The potential of OBIA for landform 
mapping was shown not only in these two stu-
dies, but also in many others that followed. For 
instance, SCHNEEVOIGT et al. (2008) used 
MRS for detection of landforms in the Bavarian 
Alps, TÖRÖK-OANCE et al. (2009) presented 
semi-automated object-oriented identification of 
planation surfaces in the Romanian Carpathians, 
ANDERS et al. (2011) used stratified object-
based analysis for semi-automated geomorpho-
logical mapping in the Alps, GERÇEK et al. 
(2011) used OBIA for classification of land-
forms based on their local geometry and geo-
morphometric context, and d´OLEIRE-OLT-
MANS et al. (2013) proposed object-based 
workflow to extract landforms at multiple 
scales. Object- and knowledge-based landslide 
detection, object-oriented mapping of landslides 
and object-oriented identification of forested 
landslides from LiDAR is presented in MAR-
THA et al. (2011), STUMPF and KERLE 
(2011), and VAN DEN EECKHAUT et al. 
(2012), respectively; object-based extraction of 
gully features, object-oriented quantification of 
temporal changes in gully erosion, and object-
based gully system prediction is presented in 
SHRUTHI et al. (2011, 2014a and 2014b), re-
spectively. Evaluation of MRS for semi-au-
tomated delineation of drumlins is available in 
EISANK et al. (2014). VAZ et al. (2015) pre-
sented automated mapping of dunes on Mars 
using so-called Object-Based Dune Analysis. 
Preliminary results of implementation of ele-

mentary forms theory (MINÁR and EVANS 
2008) into object-oriented algorithm are pub-
lished in DRǍGUŢ et al. (2013). While the 
mentioned studies focused on rather detailed 
scales, as many other object-oriented landform 
classification studies, DRĂGUŢ and EISANK 
(2012) proposed classification of global topo-
graphy at the level of physiographic division. 
The principles of their methodology were also 
implemented in our methodology. Other large-
scale studies include CAMARGO et al. (2009) 
delineating geomorphological regions with semi
-automated object-based classification and DE-
KAVALLA and ARGIALAS (2017) applying 
ESP-tool based MRS for segmentation of global 
bathymetry and extraction of 11 undersea geo-
morphological features classes. 

 
3.4.7 Physiographic classification of the 

Western Carpathian topography 
 

Physiographic Classification tool developed 
by DRĂGUŢ and EISANK (2012) is imple-
mented as a customised but push-the-button 
process in the eCognition software. It can be 
applied to any area, with the only input being 
altitude (DEM). Since it was created for classifi-
cation of global topography, it is more suitable 
for larger areas (at least regional scale). Seg-
mentations are carried out at three hierarchical 
levels in a top-down manner with automated SP 
optimisation based on the concept of LV 
(DRĂGUŢ et al. 2011). At each level, the delin-
eated objects are classified using nested-means 
technique (IWAHASHI and PIKE 2007) and 
labelled according to a simplified scheme of 
HAMMOND (1954). Threshold of mean eleva-
tion at the level 1 and standard deviation of ele-
vation at the levels 2 and 3 are used for classifi-
cation. The final classification at the level 3 
consists of High mountains, Low mountains, 
High hills, and Tablelands (High domain) and 
Rough low hills, Smooth low hills, High plains, 
and Low plains (Low domain). Use of altitude 
only, creating objects with contour-like bounda-
ries, can be considered as shortage of the tool, 
though it depends on user requirements.  

Application of the tool on the Western Car-
pathian topography, with clearly visible domical 
shape of the megamorphostructure mainly at the 
level 2 (classes of Mountains and Tablelands & 
High hills), is in Fig. 18.   
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Fig. 18 Classification of the Western Carpathian topography using the Physiographic classifi-
cation tool by DRĂGUŢ and EISANK (2012): DEM with all produced objects (A), Level 1 (B), 
Level 2 (C) and Level 3 (D) classifications.  
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4.1. INPUT DATA  AND THEIR PRE-PROCESSING  

 As input DEM, part of the SRTM V4 dataset 
(Jarvis et al. 2008) was resampled to 80-meter 
resolution (the approximate cell size of 3 arc 
seconds for this latitude). For evaluation of the 
DEM resolution needed for this study we also 
used the 30-meter resolution SRTM dataset 
available from the USGS Earth Explorer. Both 
SRTM datasets were used as an elevation input 
layer (separately), as well as a basis for compu-
tation of various geomorphometric variables in 
several GIS programs.  

The Spatial Analyst Extension in ArcGIS 
10.2 (ESRI 2014) was used to calculate two 
geomorphometric variables – slope gradient and 
vertical dissection of terrain. Slope gradient was 
derived within a standard 3 x 3 moving window, 
then smoothed with a low-pass filter. The seg-
mentation performance was also tested using 
the unsmoothed slope gradient layer. The verti-
cal dissection of the terrain was computed as the 
standard deviation of elevation in a circular 
moving window with a diameter of 2 km. This 
parametrisation follows the results presented in 
BANDURA (2016), where circles with various 
diameters (1 – 8 km with increment of 0.5 km) 
were tested, and the most suitable size was de-
termined based on the concept of topographic 
grain (PIKE and ACEVEDO 1989). Using this 
circle size facilitates both rough differentiation 
of the area into large structures (basic morpho-
structural landforms) and depiction of the inner 
diversity of smaller forms in such heterogene-
ous terrain (MAZÚR and MAZÚROVÁ 1965).  

The Characteristic scale script in LandSerf 
GIS (WOOD 2009) was used for computation 
of maximum slope gradient layer. This method 
allows to calculate a geomorphometric variable 
at a range of scales (various neighbourhoods of 
a point) and to find the most extreme value. The 
largest neighbourhood size was set to 25 cells 
(= 2 km in 80-meter resolution). This version of 

slope gradient was tested as the equivalent to 
the detailed one, as its scale is compatible with 
the scale of computation of vertical terrain dis-
section to some degree.  

The horizontal dissection of terrain was 
computed as so-called continuous drainage den-
sity (LUO and STEPINSKI 2008). The r.stream 
modules in GRASS GIS (METZ 2016) were 
used for its computation. First, the r.stream.-
extract module derived morphology-based 
stream network, since delineation of valleys 
with high accuracy is crucial to correctly reflect 
their spatial variability. Then, the r.stream.-dis-
tance module was used to obtain raster model of 
downslope distance to the nearest stream from 
all raster cells. Mean values of these point-to-
valley lengths was calculated over the neigh-
bourhood with size equal to approximation of 
their autocorrelation degree (r = 4.5 km). The 
horizontal dissection of terrain was then defined 
as a half of the reciprocal value of the mean dis-
tance to the streams. Please refer to BANDURA 
(2016) for full summary of the computation. 
The resulting layer of horizontal dissection was 
used only for classification of the delineated 
objects after the segmentation tests. 

 Before the segmentation was performed, the 
values of all input layers were transformed to 
bring their frequency distribution close to nor-
mal (Gaussian), as suggested by e.g. EISANK 
et al. (2014). According to the results of the 
Normalization toolbox developed by CSILLIK 
et al. (2015) we used natural logarithm function 
for slope gradient layers and the square root 
function for vertical dissection and elevation. 
To perform a successful segmentation of the 
geomorphometric variables layers into mea-
ningful objects with relatively compact shape, 
the transformation of the data frequency distri-
bution was crucial. Fig. 19 shows examples of 
segmentation of the original and the trans-
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4.2 MULTIRESOLUTION SEGMENTATION 

The delimitation of morphometrical-morpho-
structural individuals was performed using the 
MRS algorithm in the eCognition® Developer 
software (TRIMBLE 2014). The SP values were 
automatically determined by the ESP 2 tool. The 
tool automatically created objects at three scale 
levels. The SP step sizes for levels were set to 1, 
5 and 10 (with starting SP of 1). The shape va-
lue was set to 0.1. Using the lowest shape value 
(default) assured that MRS mainly considered 
the values of grid cells. The default value for the 

compactness parameter (0.5) was also retained, 
to give a compromise between compactness and 
smoothness of segments. This parametrization 
followed previous studies using MRS for land-
form delineation (e.g. EISANK et al. 2014). 
Number of loops in computation was set to 300 
and non-hierarchical approach in bottom-up 
manner was applied. Besides the three automati-
cally created levels, another SP values were se-
lected by additional visual examination of the 
produced LV graph. 

4.3 CLASSIFICATION 

We employed two different classification 
techniques in our experiments using Assign 
class algorithm in eCognition Developer. The 
first one is classification on two separate do-
mains based on the mean elevation, which is in 
line with the nested-means concept of IWA-
HASHI and PIKE (2007), also used by EI-
SANK and DRĂGUŢ (2012). Objects with 
mean elevation (mean value of pixels included 
in the object) greater than or equal to the mean 
scene elevation (mean of all objects) were as-

signed to High domain. Rest of the objects, i.e. 
whose mean elevation value is smaller than the 
mean scene elevation, were assigned to Low 
domain. The object differentiation should help 
segmentation correctly decompose land-surface 
complexity. This classification technique was 
used in so-called object-oriented approach A. 

 The second classification technique is based 
on the mean difference in elevation to neigh-
bouring objects (MD in elevation). The mean 
layer difference is weighted by the length of the 

formed slope gradient and elevation layers. As 
visible, segmentation of the first resulted in 
many objects with very rugged shape, and the 
latter produced objects with contour-like shape. 

On the contrary, segmentations of both after 
transformation resulted in objects with more 
meaningful shape.  

Fig. 19 Differences in segmentations of or iginal and transformed data: results 
from the ESP 2 tool with step size 5 for the central test area of original and trans-
formed layers: slope gradient (A, B) elevation (C, D). 



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

37 

We do not have any objective ground truth 
data needed for measurement of absolute accura-
cy of the object boundaries. To evaluate the seg-
mentation results, we measured their consisten-
cy, or compatibility, with the traditional geomor-
phological regions of the area. Although in all 
the four countries interfering to the Western Car-
pathians such regions are available and were 
compiled by MINÁR et al. (2011), their equality 
and continuity is affected mainly by inconsistent 
methodological approaches to the individual re-
gionalizations. Nevertheless, we used them for 
compatibility assessment of the final subdivision 
and in BANDURA et al. (2017) (Fig. 20). Next, 
we used only the Slovak and Czech part of the 
Western Carpathians s. s. with the area of 27534 
km2 (31 % of the whole area), further referred to 
as compatibility area (CA), due to its relatively 
homogeneous subdivision, which emphasizes 
the morphological boundaries. Digitalization and 
improvements in the accuracy of the region 

boundaries for the Slovak part was carried out 
by URBÁNEK et al. (2009) and for the Czech 
part by MACKOVČIN et al. (2014). Their syn-
thesis is displayed in Fig. 20. The assessment 
was performed at the level of regions, because 
regions at lower levels (sub-regions and parts) 
may not represent morphostructures, but relate 
to differential erosion, and their hierarchy is not 
consistent. Further we refer to these regions by 
the term traditional regions.  

 The assessment was done by both expert vi-
sual comparison and by four quantitative mea-
sures suggested by HEIPKE et al. (1997) and 
used also by THOMMERET et al. (2010), 
against the boundaries of the traditional regions. 
Calculation relied of matching the traditional 
and delineated object boundaries via a series of 
buffers, to mitigate the spatial mismatch caused 
by imprecision and various scales in manual 
mapping and co-registration of the data sets. The 
matching was carried out by intersection of ob-

4.4 COMPATIBILITY ASSESSMENT  

Fig. 20 Traditional geomorphological regions within the whole Western 
Carpathians after MINÁR et al. (2011) and compatibility area (the Czech and 
Slovak part of the Western Carpathians s. s.).  

border between the objects. Then, the condition 
for selection (or removal) of distinct individuals, 
i.e. outliers (both positive and negative), with 
decreasing standard deviation in both directions 
from the mean (i.e. > 3SD, > 2SD, > 1SD) was 
applied in the object-oriented approaches A and 

B. Removal of distinct individuals should help 
segmentation, too, and thus reduce the effect of 
globally-set SP. Similar approach was adopted 
by MINÁR et al. (2011) for separation of posi-
tive (elevations) and negative (depressions) mor-
phostructures. 
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ject boundary buffers with the original bounda-
ries (delineated and traditional, respectively). 
The following measures were calculated: true 
positive (TP) as matched delineated boundaries, 
false positive (FP) as unmatched delineated 
boundaries, true positive 2 (TP2) as matched 
traditional boundaries and false negative (FN) as 
unmatched traditional boundaries. The above 
procedure was embedded within a python script 
in QGIS (PyQGIS), which delivered the follo-
wing indexes: 

1. Completeness – TP2/length of traditional 
boundaries – proportion of the traditional 

boundaries’ length within the delineated buf-
fer, saying how complete the delineated net-
work is (optimal value is 1), Eq. 1.  

2.  Correctness – TP/length of delineated bound-
aries – proportion of the delineated bounda-
ries’ length within the traditional buffer, say-
ing how consistent with traditional boundaries 
the delineated network is (optimal value is 1), 
Eq. 2. 

3. Quality – TP/(TP+FP+FN) – based on both 
completeness and, describing the goodness of 
the result (optimal value is 1), Eq. 3.  
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5.1. EVALUATION OF OBIA SUITABILITY FOR DELINEATION OF 
MORPHOMETRICAL-MORPHOSTRUCTURAL INDIVIDUALS  

 

 

 

 

 

 

5 RESULTS AND DISCUSSION 
 
 
———————————————————————————————————————————-- 
————————————————————–— 

This chapter contains not only the results of 
segmentations, but also the detailed description 
of the used methods and related methodological 
innovations suggested here and not included in 
the Methods chapter, since they are considered 
as results, too. The results of the evaluation of 

OBIA for morphometrical-morphostructural 
subdivision of the Western Carpathians were 
fully published in BANDURA et al. (2017). 
Therefore, only the essential sections of this 
publication are summarised and complemented 
in the subchapter 5.1. 

5.1.1 Specification of data and methods 

 
To preliminarily evaluate segmentation per-

formance on all input layers and to study dif-  
ferences between SRTM30 and SRTM80 
DEMs, we used the central part of the area 
(rectangle in Fig. 1), where the clearest contrast 
and morphostructures are located. ESP 2 tool 
segmentations, with parametrisation described 
in subchapter 3.2, were applied on single layers 
as well as their combination. In the additional 
segmentations, based on the examination of the 
LV Graph, we aimed for production of approxi-
mately 80 objects, to maintain compatibility and 
similarity between segmentations and with tra-
ditional regions needed for their comparison. 
Based on the results in the test area, we applied 
the combination of layers smoothed slope gra-
dient, vertical dissection of terrain, and eleva-
tion to the whole Western Carpathian area. We 
used both, the three automated levels and five 
additional levels based on the LV graph, to have 
a comparison of automatic and user-driven seg-
mentations.  

 The objects resulting from segmentations of 
single layers were assessed visually, to see if 
they are meaningful and applicable for delinea-
tion of morphometrical-morphostructural indi-
viduals. To evaluate the segmentation results of 
the layer combinations, for both the central test 
area and the whole Western Carpathians, we 

measured their consistency by expert visual and 
quantitative comparison with the traditional re-
gions. 

 
5.1.2 Single-layer segmentation 

 
 Separate segmentations of the individual 

input layers allowed us to see which terrain 
boundaries are represented by each of the layers. 
To demonstrate the object levels of these seg-
mentations at two different scales the results of 
Level 1 and Level 3 by ESP 2 tool are displayed 
in Fig.  21.  

 In general, segmentation of all slope gradient 
layers resulted in meaningful objects, whose 
boundaries clearly represent terrain discontinui-
ties (Fig. 21A – C). The most detailed levels 
have signs of over-segmentation though. The 
coarsest levels are visibly under-segmented. 
Smoothed slope gradient and maximum slope 
gradient reflected the terrain more continuously, 
while unsmoothed slope gradient was affected 
by minor irregularities and changes of the ter-
rain shape. These layers seem to be suitable for 
delineation of either sub-regional or regional 
features (using DEM resolution and methods 
suggested here). Segmentation of vertical dis-
section of terrain produced similar results 
(Fig. 21D) but the most detailed level exhibits 
a lower level of over-segmentation, while, main-
ly at the regional scale, it preserves the depic-
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tion of terrain discontinuities. Therefore, it is 
suitable for delineation of regional features. 
Even though the coarsest level is slightly under-
segmented, the terrain subdivision into basic 
features representing mountain and intramontane 
basins is still present. Despite the significant 
correlation between slope gradient and vertical 
dissection of terrain (r = 0.79), the resulting ob-
jects as well as their scale (e.g. sub-regional vs. 
regional) differ. The most surprising results were 
obtained from the segmentation of horizontal 
dissection of terrain (Fig. 21E). The delineated 
objects have low spatial logic, and thus their 
boundaries are not meaningful. This can be pre-
sumably attributed to how horizontal dissection 
is calculated: even though morphologically cor-
rect stream network is used as input, the dif-
ferentiation between mountains and basins is not 
depicted, i.e. the change of its density at the con-
tact of mountains and basins is not distinct. 
Thus, we can conclude that horizontal dissection 
of terrain is not a variable suitable for delinea-
tion of morphostructures. Rather, it could be 
useful for their subsequent classification. Seg-
mentation of the transformed elevation layer no 
longer produces only contour-like objects 
(Fig. 21F), and thus it is suitable for  delinea-
tion of morphostructures. The detailed Level 1 
delineated parts of elevated morphostructures 
different mainly in altitude, while the coarser 
Level 3 delineated whole mountains or intra-
montane basins.   

 
5.1.3 Multiple-layer segmentation  
  

 Since segmentations of most individual la-
yers resulted in meaningful objects, we assumed 
that their combination should be even more sui-
table. First preliminary combination consisted of 
two layers – maximum slope gradient and verti-
cal dissection of terrain. These results were pre-
sented in BANDURA et al. (2015). Subsequent-
ly we not only changed the slope gradient layers, 
but also added the elevation layer, reasoning that 
altitudinal difference is a typical mark of block 
morphostructures, and as it was also considered 
in previous attempts at explicit or implicit deli-
neation of morphostructures (e.g. MINÁR et al. 
2011 or DRĂGUŢ and EISANK 2012).  

 Using only slope gradient and vertical dissec-
tion as input, the course of the object boundaries 
in most cases clearly divided the terrain into 
basic and simple block structures – mountain 
ranges and intramontane basins – and in some 
cases even into their smaller parts. Adding the 
elevation layer as input, some boundaries be-
came sharper and more closely related to terrain 

morphology. Also, including elevation produced 
more object boundaries close to morpholinea-
ments, and thus they should relate more to po-
tential tectonic boundaries (MINÁR and SLÁ-
DEK 2009). The quality values of quantitative 
accuracy were found slightly superior (by 0.49 
%) for SRTM30 DEM in comparison with 
SRTM80 DEM for all segmentations.  

However, the difference was reduced by in-
clusion of the elevation layer, that partly com-
pensates for the decrease in spatial resolution. 
Further, since the computation time increased 
rapidly (10-times) for SRTM30 DEM, we decid-
ed to use SRTM80 for a regional study, i.e. seg-
mentation of the whole Western Carpathian area. 
Overall, the Quality values were highest (ca. 60 
% in 4-km buffer, 81 objects vs. 67 traditional 
regions) for combination of smoothed slope gra-
dient, vertical dissection of terrain and elevation 
with relatively high difference to others 
(BANDURA, et al. 2017).   

 
5.1.4 Evaluation of application on the 

whole Western Carpathians 
 

 Set of segmentations (Level 1 – Level 3), 
hierarchically related from detailed to coarser 
scale for the whole Western Carpathians, is dis-
played in Fig. 22. Segmentation with higher SP 
(301) resulted in larger regions, while segmenta-
tion with lower SP (83) even subdivided larger 
structures into their smaller parts. Although al-
most the same principles were used as for the 
test area, there are some differences in the resul-
ting objects. While for the central test area the 
MRS performance was mostly affected by a high 
variability in the input layers, induced by the 
most distinct individual regions (e.g. Tatra Mts. 
or Low Tatra Mts.), for the full area the regions 
were generally better delineated, particularly 
those that exhibit a good contrast to their sur-
roundings. Less distinct mountains or basins, 
however, tend to be merged together in larger 
objects, as the segmentation scale applies global-
ly. In addition, segmentation of the whole area is 
affected not only by the Tatra Mts., but also by 
large basins and plains located mainly in the 
southern part of the area. 

The compatibility assessment results of these 
segmentations show that the Quality numbers 
are lower than for the test area. The most com-
patible segmentation is Level 2 of the ESP 2 
(Fig. 22B) – ca 50 % in 4-km buffer, 210 objects 
vs. 145 traditional regions. However, this quanti-
tative expression of compatibility between tradi-
tional and automatically delineated boundaries is 
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Fig. 21 Results of segmentations of all input layers made by the ESP 2 tool – 
Level 1 (thin black polygons) and Level 2 (thick black polygons) for the central 
test area: smoothed slope gradient (A), unsmoothed slope gradient (B), maxi-
mum slope gradient (C), vertical dissection of terrain (D), horizontal dissection 
of terrain (E) and elevation (F). 
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only a measure of formal conformity. The dif- 
ferences from 100 % cannot be attributed entire-
ly to errors, nor should be interpreted as a failure 
of the proposed approach. Some sources of dif-
ference are related to the uncertainties in the tra-
ditional data, which cannot be dealt with algo-
rithmically. For instance, the weak boundaries, 
i.e. those that do not follow obvious morphologi-
cal contrasts, might be subjects of human inter-
pretation, which has been shown to be semanti-
cally biased (ARDELEAN et al. 2013). On the 
other hand, several boundaries in the traditional 
data were drawn on the basis of lithological dif-
ferences, which were not represented in the 
DEMs as distinct morphologies. Moreover, the 
visible mismatch between the traditional and the 
delineated object boundaries can be also attribut-
ed to two other reasons. Experts use different 
levels of detail during manual mapping (de-
pending on their personal experience and know-
ledge about the area as well as the scale of map 
used) and thus the scale varies across the pub-
lished maps, while segmentation applies a con-
stant scale (SP) globally. When applied on 
DEMs, especially in extensive areas with highly-
rugged terrain and contrasted topography, as is 

the case of the Western Carpathians, the globally
-set SP value tends to over-segment rough areas, 
while under-segmenting smooth ones (DRĂ-
GUŢ and EISANK 2012). Next, inconsistent 
methodological approaches in the four countries 
(the Czech Republic, Slovakia, Poland and Hun-
gary) also contributed to different levels of detail 
in defining traditional regions (BANDURA et al. 
2017).  

For the extensive results of full evaluation – 
segmentations of all layer combinations for the 
central test area, their comparison for both input 
DEMs as well as all test segmentations for the 
whole Western Carpathians is reader referred to 
BANDURA et al. (2017). 

 
5.1.5 Partial conclusions  
 

According to the preliminary results presen-
ted, OBIA seems to be a suitable tool for the 
automated delineation of the morphometrical-
morphostructural subdivision within the Wes-
tern Carpathians. We showed that segmentation 
of land-surface variables pertinent to both topo-
graphic roughness, such as slope gradient and 

Fig. 22 Results of the segmentations on the basis of smoothed slope gra-
dient, vertical dissection and elevation created automatically by the ESP 2 
tool. Level 1/SP 83 (A), Level 2/SP 141 (B), Level 3/ SP 301 (C), after 
BANDURA et al. (2017).  
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vertical dissection, together with elevation, has 
the potential to replicate the traditional delimita-
tion of the most distinct morphostructures with 
a satisfactory degree of success. Although the 
half of the boundaries of the automatically de-
lineated objects are not statistically compatible 
with the traditional geomorphological regions, 
they still have a morphostructural meaning ei-
ther in terms of their alternative interpretation 
or as more detailed subdivisions. Nevertheless, 

the presented results suffer from either over- or 
under-segmentation when segmentation is ap-
plied globally on large area with highly con-
trasting topography. We tried to solve these 
problems using semi-automated object-oriented 
approaches (combination of segmentation and 
classification on several hierarchical object le-
vels), whose results are presented in subchapter 
5.3. 
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5.2. OBJECT-ORIENTED MORPHOMETRICAL-MORPHOSTRUCTURAL 
SUBDIVISION OF THE WESTERN CARPATHIANS  

This chapter builds on the partial conclu-
sions of the previous evaluation, where results 
with globally-set SP value suffered from under- 
or over- segmentation. These issues can be at-
tributed to several reasons. The MRS algorithm 
in general minimizes the average heterogeneity 
of image objects weighted by their size 
(BAATZ and SCHÄPE 2000). Object level re-
sulting from the application of ESP 2 tool will 
be used as an example (Fig. 23). If distinct indi-
viduals, such as Tatra Mts. or Low Tatra Mts., 
are delineated as one homogeneous object (i.e. 
higher SP, Fig. 23A), the segmentation is forced 
to merge smaller individuals, e.g. Žiar Mts. or 
Žiarska kotlina basin, with adjacent areas to 
larger objects, to preserve homogeneity level 
dictated by objects of Tatras and Low Tatra 
Mts. Even though Tatras are considered as a 
homogeneous object in this case due to its very 
sharp distinctness to the adjacent areas, its inter-
nal values of input layers are still quite hetero-
geneous. In other areas, this homogeneity value 
is reached only by merging less distinct moun-
tains and basins, which in turn causes under-
segmentation. If these less distinct individuals 
are delineated as single objects (lower SP, 
Fig. 23B), then the segmentation tends to di-
vide the more distinct individuals into smaller, 
not necessarily correct or desired parts. The 
same rule of homogeneity value applies here, 
but in reverse, causing over-segmentation. Oth-

er examples of such under- and over-segmented 
individuals are visible in the figure, too. 

DRĂGUŢ and EISANK (2012) and DEKA-
VALLA and ARGIALAS (2017) addressed 
these issues by partitioning DEM complexity 
into homogeneous domains, combined with the 
nested means approach (IWAHASHI and PIKE 
2007), structured into three hierarchical levels. 
We adapted these principles in combination 
with selection of distinct individuals based on 
the condition of mean difference in elevation to 
neighbouring objects – supervised semi-auto-
mated object-oriented approach A (subchapter 
5.2.3). However, we used only fixed segmenta-
tion increments (i.e. step size in the ESP 2 tool) 
– 100, 10 and 1 in top-down manner, with em-
phasis given on the increment of 10, as it is sui-
table for regional scale. Since our study area 
consists of morphostructures with various size 
and shape, we evaluated behaviour of other in-
crements, which do not have clear interpretation 
up to now though. In combination with selec-
tion of distinct individuals it resulted in super-
vised semi-automated object-oriented approach 
B (subchapter 5.2.4).  

 Moreover, not only distinct individuals with 
great variability in input layers play role in seg-
mentation. We also noticed influence of the area 
extent and its localisation on the segmentation 
results, as we were expanding our area of inte-

Fig. 23 Results of the segmentations created by the ESP 2 tool. Level 3 – SP 301 (A), 
Level 2 – SP 141 (B). 1 – Tatra Mts., 2 – Low Tatra Mts., 3 – Žiar Mts., 4 – Žiarska ko-
tlina basin. 
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rest from the central test area, through the area 
inside the boundary of the Western Carpathians, 
to the whole rectangle enclosing them (appro-
ximated size of the area in Fig. 1, results are not 
shown here). Obviously, including more and 
more transitional and plain areas interfered in 
the segmentation. Importance of the study area 
extent was already suggested by EVANS and 
COX (1999) and DRĂGUŢ et al. (2019) recent-
ly evaluated how changing the extent affects 
multiresolution segmentation, in respect to the 
geometric accuracy of the resulting image ob-
jects. Therefore, we tried to evaluate this influ-
ence and define the most suitable area extent for 
segmentation of the Western Carpathians.  
 

5.2.1 Definition of the most suitable     
segmentation extent  

 
5.2.1.1 Data and Methods specifications 
 

As input DEM, larger part of the SRTM V4 
dataset with 80-meter resolution was used. The 
smallest (starting) extent 1 was defined as the 
rectangle touching the boundary of the Western 
Carpathians s. s. (their core area), covering the 
area of 59,123 km2. The increment for extent 
growth was set to 10 km (125 grid cells). Regu-
lar increment in each direction was sustained up 
to the extent 23, where negative values in eleva-
tion were reached due to spurs of the Adriatic 
Sea in the south. Further growth was applied 
only to the three remaining directions, up to the 
extent 28, where negative data in the north were 
reached. The increment value was sustained in 

the east and west, but it doubled to 20 km (250 
grid cells) in the north to compensate for no in-
crement in the south and to sustain equal area 
expanse. Afterwards, when the growth was pos-
sible only to the east and west, the increment 
was modified to 21.6 km (270 grid cells), using 
a formula based on the dimensions of the latest 
extent 28: (a + b + 2 × X) × X/2 (Eq. 4), where: 
a is the shorter side of the rectangle = 739.04 
km, b is the longer side of the rectangle = 
837.04 km, X is the regular increment = 10 km. 
After reaching the extent 38, when almost the 
whole Carpathian Mts. (except for the Southern 
Carpathians and the Serbian Carpathians) as 
well as part of the adjacent highlands (maximum 
possible complexity) were covered, growth to 
the east was stopped. The increment was then 
doubled to 43.2 km (540 grid cells) with in-
crease only to the west. The extent continued to 
grow until the low areas in the Netherlands were 
reached, ending with the extent 45 (covering 
area of 1161360 km2 . All extents, which cover 
not only the areas of the Carpathians, but also 
the Alps and other parts of Europe with different 
complexity of terrain, are displayed in Fig. 24. 
Subsequently, MRS with SP 1, 10 and 100 as 
well as using the ESP 2 tool with step size 1 
(Level 1), 10 (Level 2) and 100 (Level 3) was 
performed for each extent (6 segmentations for 
each in total). Following values were recorded at 
the object level: SP (in the case of ESP 2 only 
levels) and three measures of homogeneity – 
number of objects, LV, and mean object size. 
All segmentations were processed (on a PC with 
a 3.4 GHz dual-core processor and 16 GB 
RAM) in no less than 1887 hours. The quantita-

Fig. 24 Delimitation of 45 extents (black rectangles) used for  evaluation 
analyses. Extent 23 (blue rectangle), Extent 28 (orange rectangle) and Extent 38 
(green rectangle). 
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tive compatibility assessment was done against 
the boundary of the targeted core area, with en-
largement of buffer widths up to 10 km (with 
increment of 500 m). 

 

5.2.1.2 Evaluation of the results 

 
The results were analysed based on the hy-

pothesis that the extent of the area of interest 
must be considered when segmentation is per-
formed, particularly when complex objects are 
targeted. Here we targeted the approximated 
delineation of the core area as one object. As 
assumed, it was achieved by the coarsest seg-
mentation scale (ESP 2 tool – Level 3), where 
the increment of 100 should agree with super-
regional features, even for several extents. The 
core area was delineated as one object in two 
different forms. The closest delineation was 
achieved with the segmentation of the extent 22, 
with the area of 44,3876 km2 (Fig. 25A). The 
other form (Fig. 25B) was produced with the 
segmentation of the extents 19, 32, 33, 40, 42, 
43, 44, and 45. Naturally, shape and number of 
the other objects differ across the scenes. There 
are also extents where the core area was deline-

ated as two or three objects; these were also con-
sidered. There was only one extent (15) resulting 
in two objects covering the core area. All the 
extents resulting in three objects (12, 38, and 41) 
produced the same core objects, with only the 
rest of the scene different. The values recorded 
for the selected segmentations are listed in 
Tab. 1. The examples of the resulting object 
levels for each situation (one, two, and three ob-
jects) are displayed in Fig. 25. The results of 
compatibility assessment of the four selected 
cases (the first extent where they appeared was 
selected for each case) are in Tab. 2 and their 
visualisation underplayed with buffers around 
the expert boundary is displayed in Fig. 26.  

The all three object levels (the most detailed 
Level 1, the mezzo detailed Level 2, and the 
coarsest Level 3) resulting from segmentation of 
the largest extent 45 are attached as supplement 
1 (p. 102). 

Inconsistencies can be found in the marginal 
parts of the area. There are several cases where 
larger or smaller parts of mountains or basins are 
not included or, on the other hand, are included 
(the following numbers correspond to the labels 
in the Fig. 26): part of Považský Inovec Mts. (1), 

Fig. 25 Objects resulting from ESP 2 tool Level 3 (step size 100) for  
extent 22 (A), extent 19 (B), extent 15 (C) and extent 12 (D), with expert 
boundary of the core area (orange polygon).  
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Biele Karpaty Mts. (2), Považské podolie basin 
as a spur of Podunajská pahorkatina highland 
(3), part of Vizovická vrchovina highland (4), 
Podbeskydská pahorkatina highland (5), Beskid 
Wyspowy Mts. (6), Pogórze Roznowskie foot-
hill (7), Kotlina Sadecka basin (8), part of Spišs-
ko-Šarišské medzihorie Mts. (9), Šarišská vrcho-
vina Mts. (10), small part Volovské vrchy Mts. 
(11), larger part of Slovak karst (12) and Re-
vúcka vrchovina Mts. (13). These inconsisten-
cies can be attributed to different properties of 
the used geomorphometric variables, and thus 
they can be perceived as an alternative deli-

neation of this core area. Southern part of the 
Slovak karst and Považský Inovec Mts., which 
are not included in the object, were allocated to 
other morphostructural regions than the rest of 
the area by MINÁR et al. (2011). Smaller incon-
sistences were not mentioned due to the broader 
scale of evaluation. 

Compatibility of the object resulting from the 
extent 19 in the same buffer (Fig. 26B) is smal-
ler, only 0.54. Difference to the object from the 
extent 22 can be found at the western edge, whe-
re larger part of the Outer Western Carpathians 
(14) was merged with the neighbouring object. 

Extent No. 
Extent 
area 

(km2) 

Computa-
tion time 

(h) 
SP LV 

N 
(full scene) 

Mean ob-
ject area 

(km2) 

N 
 (core ar-

ea) 

12 216660 1:09 801 5.013 18 12036.69 3 

15 276425 0:53 901 4.884 17 16260.31 2 

19 367312 2:00 1301 6.110 10 36731.16 1 

22 443876 2:40 1501 6.160 12 36989.70 1 

32 746312 4:12 1401 5.801 19 39279.59 1 

33 778239 3:43 1001 5.220 35 22235.39 1 

38 937871 4:06 801 4.707 70 13398.16 3 

40 1001720 5:53 1101 5.584 47 21313.28 1 

41 1033650 6:22 801 5.255 87 11881.04 3 

42 1065580 7:28 1201 5.813 43 24780.87 1 

43 1097500 7:47 1301 6.425 35 31357.26 1 

44 1129430 7:18 1001 5.747 59 19142.89 1 

45 1161360 9:20 1401 6.407 35 33181.63 1 

Tab. 1 Area, homogeneity measures and SP values (ESP 2 – level 3) for selected extents. 

Extent No. 22 19 15 12 Expert 
core area N (core area) 1 1 2 3 

Core object area (km2) 31800.4 27807.6 31800.4 31800.41 35169.3 

Boundary length (km) 1973.44 1666.72 2341.8 2364.47 2308.8 

Buffer width (m) Quality (Eq. 1, optimal value 1) (compatibility with exper t object) 

2000 0.1993 0.1720 0.1805 0.1809 - 

4000 0.2714 0.2342 0.2441 0.2448 - 

6000 0.3295 0.2821 0.2947 0.2959 - 

8000 0.3952 0.3309 0.3512 0.3531 - 

10000 0.4530 0.3737 0.4003 0.4031 - 

12000 0.5086 0.4128 0.4472 0.4506 - 

14000 0.5670 0.4539 0.4959 0.5001 - 

16000 0.6201 0.4864 0.5403 0.5466 - 

18000 0.6661 0.5165 0.5780 0.5865 - 

20000 0.7052 0.5422 0.6093 0.6199 - 

Tab. 2 Compatibility assessment of the objects cover ing the Western Carpathian core area, 
resulting from extents 22, 19, 15, and 12, against the expert boundary. 
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Segmentations of the extent 15 (Fig.  25C) and 
12 (Fig. 25D) have practically the same result 
as segmentation of the extent 22, only the object 
covering the core area was divided into 2 and 3 
objects, respectively. The most relevant extent 
proved to be the extent 22, where segmentation 
is remarkably close to the expert polygon, par-
ticularly in the obvious contact; therefore, it was 
used for the following analyses. This evaluation 
proves that area extent must be considered when 
performing segmentation. 

 

5.2.3 Supervised semi-automated object-
oriented approach A 

 

  Repetition of two processes – automated 
segmentations based on the ESP 2 tool and clas-
sifications (selection of individuals) – were car-
ried out within the subset given by the extent 
22. Both processes were carried out autono-
mously: at first within the full scene and then in 
systematically smaller domains. These domains 
represented the parts of the full scene that re-
mained after significant individuals were selec-
ted and removed in the classification process. 
This way, we were able to make the segmenta-
tion more efficient and independent from inter-
nal heterogeneity of the distinct features.   
 

5.2.3.1 Data and Methods specifications  
 

 In the first segmentation of the full scene 
step size 100 was used. The resulting objects 
were divided into High and Low domain based 
on their mean elevation (Level 1). Delimitation 
of these two domains was preserved throughout 
the whole process. The second segmentation 

was carried out separately in the High and Low 
domain using step size 10 (objects in each do-
main were merged together before segmenta-
tions). Next, distinct individuals were selected 
(and removed from the scene) separately in the 
High and Low domain. Based on testing, the 
condition value for selection of individuals was 
set to > 2SDs of MD in elevation from the mean 
(Level 2). Rest of the objects within each do-
main was merged and re-segmented with step 
size 10 in the third segmentation (Level 3). 
Then, additional individuals were selected; the 
condition of MD in elevation was lowered to > 
1SD from the mean. Rest of the domain was 
merged and re-segmented with step sizes 10 and 
1 in the fourth segmentation. Neither of these 
segmentations resulted in an improved object 
level and they were interpreted as not suitable. 
Therefore, the object level from the third seg-
mentation is considered as the final. However, 
there were some wrongly delineated (elongated) 
objects, whose shape was presumably affected 
by location of the High- and Low-domain 
boundaries. These objects we-re removed using 
the discriminant condition – density parameter 
in eCognition Developer, which describes the 
distribution of the pixels in space of an image 
object (Object Features – Geometry – Shape – 
Density). The same principles were applied as 
for selection of individuals: objects with density 
< 3SDs from the mean value to the negative side 
were selected and resegmented with step size 
10. Each of the elongated objects (except for 
one outside the study area) was subdivided into 
two objects with more meaningful shape. Re-
segmented objects were then synchronized with 
the rest of the objects in the refined Level 3. The 
compatibility of all three object levels was com-
puted against traditional regions within the Slo-

Fig. 26 Objects cover ing the Western Carpathian core area (black polyline) resulting from 
extents 22 (A) and 19 (B) with expert boundary (orange polyline) and its buffer of 10 km (orange 
polygon). Numerical labels correspond to the associated examples in the text above. 
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Fig. 27 Workflow of segmentations and classification in object-oriented approach A. 
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vak and Czech part of the Western Carpathians 
s. s. The detailed workflow of this approach is 
in Fig. 27.  
 

5.2.3.2 Evaluation of the results 
 

 Overall, four hierarchically-structured object 
levels were created in the top-down manner. 
The first segmentation of the full scene (SP 
1501) resulted in 12 objects, with basic super-
regional features delineated. The classification 
divided these objects into two domains of higher 
(6 objects) and lower (6 objects) features. The 
results in the Level 1 are in Fig. 28. 

The segmentation of the separated High do-
main (SP 241) created 148 objects and of the 
Low domain (SP 181) 265 objects, i.e.in total 
413 objects representing regional features. 
Based on the condition > 2SDs of MD in eleva-

tion, 24 objects were selected: 7 positive and 3 
negative individuals in the High domain and 8 
positive and 6 negative individuals in the Low 
domain. The results of segmentation and classi-
fication in the Level 2 are displayed in Fig. 29. 
The segmentation of the remaining High do-
main (SP 221) created 157 objects and of the 
Low domain (SP 221) 190 objects, i.e. in total 
347 objects. The number of objects in both do-
mains after this segmentation is lower than be-
fore; however, in general, the new objects have 
better shape in most of the areas, so it is not 
considered as deterioration. The re-shaping of 
the objects, obtained with the same step size, is 
a result of removal of the distinct individuals in 
the previous step. Results of the Level 3 are dis-
played in Fig. 30. Still, the Level 3 shows signs 
of under-segmentation, mainly in the High do-
main, where objects tends to be larger than the 
traditional regions. Thus, we tested additional 

Fig. 28 Results of the Level 1 – segmentation (A) and classification of the objects 
into High and Low domain (B). 

Fig. 29 Results of the Level 2 – segmentation (A) and classification within the 
High and Low domain (B). 
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selection of individuals and the fourth segmenta-
tion. Based on the condition > 1SD of MD in 
elevation, 100 objects from the Level 3 were 
selected: 28 positive and 26 negative individuals 
in the High domain and 31 positive and 32 nega-
tive individuals in the Low domain, with 106 
and 141 objects remaining, respectively (247 in 
total). The subsequent segmentations with step 
sizes 10 and 1 resulted in two potential versions 
of the Level 4 (Fig. 31). The segmentation of the 
remaining High domain with step size 10 resul-
ted in 79 objects (SP 281) and of the Low do-
main in 202 objects (SP 171). The number of 
objects within the High domain undesirably de-
creased (i.e. the selected SP increased), while 
the number of objects in the Low domain ac-
ceptably increased (i.e. the selected SP de-
creased), approximately to the number in the 
Level 2. This could indicate that all the regional 
features that should be represented by the step 

size 10 have been consumed, and therefore the 
step size should be lowered. The segmentation 
of the remaining High domain with step size 1, 
which should represent the lower order of mag-
nitude (DRĂGUŢ and EISANK 2012), resulted 
with SP 76 in 754 objects, and the segmentation 
of the remaining Low domain with SP 63 resul-
ted in 1201 objects. Both segmentations show 
over-segmentation and, as expected, depict fea-
tures in a detailed scale, which is not the aim of 
this work.  

Therefore, the Level 3 is considered as the 
final level in this approach. To demonstrate the 
suitability of dividing the full scene into two 
domains and its impact on segmentation in com-
parison with the single segmentation of the full 
scene, Fig. 32 is included. While single full-
scene segmentation with step size 10 resulted in 
213 objects with clear under-segmentation (SP 
301), subdivision into two domains (Level 2 

Fig. 30 Results of the Level 3 – segmentation (A) and classification within the 
High and Low domain, synchronized with the previously removed individuals (B).  

Fig. 31 Results of two potential versions of the Level 4 – segmentation with 
step size 10 (A) shows under-segmentation and segmentation with step size 1 (B) 
shows over-segmentation; both were synchronized with the previously removed 



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

52 

displayed) resulted in higher number of objects 
(413), mainly in the lower areas, with more 
meaningful shape in general.  

Although the results were greatly improved 
segmenting the domains separately, compared 
to the single segmentation of the full scene, 
there are seven cases in the Level 3 (three when 
considering our study area only), where shape 
of the objects is incorrect or less meaningful. 
Selection process and results of re-segmentation 
of these objects are displayed in Fig. 33 (labels 
correspond to the numbers in the following 
text). The first object (1) is located at the con-
tact of Považské podolie basin (1.a) and Po-
važský Inovec Mts. (1.b). It originated in the 
first segmentation (Level 1), where foot slopes 
of the mountain were cut off by segmentation 
and allocated to the adjacent object covering the 
low areas. The second object (2) has more com-
plicated shape, caused by its location at the bor-

der of the High and Low domain. The object 
consists of Žiarska kotlina basin (2.a) and the 
SW part of Tribeč Mts. (2.b). These two rela-
tively distinct features are connected along the 
border of the two domains. The third object (3) 
covers the NW foot slopes of Malé Karpaty 
Mts. (3.a) and its lowered southern part (3.b). It 
was delineated because the core part of Malé 
Karpaty Mts. was removed in the previous step 
as a distinct individual. Refinement of these ob-
jects by re-segmentation successfully solved the 
issues. The first object was divided at the bor-
derline of foot slope and basin, the second ob-
ject was divided along the foot slope of 
Pohronský Inovec Mts. (2.c), and the third ob-
ject was divided at the southern edge of the NW 
foot slopes of Malé Karpaty Mts. 

The results of compatibility assessment of 
the four levels produced in this approach, along 
with statistical values describing object shape in 

Fig. 32 Comparison of segmentations of the full scene (A) and separately 
within domains (B) with step size 10. 

Fig. 33 The incor rectly delineated objects selected within the whole area 
based on the density parameter (red-filled polygons) (A), and results of re-
segmentation of these objects into two parts (green boundaries highlight one of 
these objects) within the study area (B).  
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both full scene and compatibility area, are pre-
sented in Tab. 3. Moving from the Level 1 to 
the Level 3, the Quality values are increasing. 
Despite the fewer objects in the Level 3, the 
Quality in 4-km buffer is slightly higher (0.550) 
than in the Level 2 (0.541), which points to the 
already mentioned re-shaping of boundaries. As 
expected, the Quality of segmentation with step 
size 10 in the Level 4 is slightly lower (0.528) 
due to under-segmentation in the High domain. 
On the other hand, the Quality of segmentation 
with step size 1 in the second version of the 
Level 4 is higher (0.601) due to over-seg-
mentation (i.e. higher number of objects cau-
sing redundant boundaries). Regarding the 
number of objects in the compatibility area, the 
closest level to the traditional (69 regions) is 
surprisingly the Level 4 (step size 10) with 68 
objects. However, their mean area is markedly 
higher. The closest values of mean area, bound-
ary length, and mean boundary length to the 
traditional regions have the Level 3 – 408.56 
km2, 5134.82 km, and 29.85 km, compared to 
399.06 km2, 5232.67 km, and 27.25 km, respec-
tively.  

The final level of this approach – the Level 
3 after refinement – is displayed, zoomed to the 
compatibility area, in Fig. 34, together with 
4000m buffer around the traditional regions. 
Since it was obtained by three independent seg-
mentations, it represents three different levels 
of details (scales) combined into one single ob-
ject level. The highest consistency between the 
delineated objects and the traditional regions 
(e.g. mountains and basins in contrasting areas) 
as well as their mismatches (e.g. in the transi-
tional areas or in areas where the traditional 
regionalisation uses also other than morpholog-
ical criteria) are similar to the results in the ini-
tial evaluation. However, some signs of under-
segmentation, mainly in the high areas, are still 
present. Examples of such areas are highlighted 
in the figure by the red dashed polygons.  

The Level 3 was subsequently classified into 
positive and negative morphometrical-morpho-
structural individuals of various degree in two 
ways. First, values of mean difference in eleva-
tion to neighbours were obtained separately 
from the former High and Low domain 

Full scene 

Level 1 2 3 4 (step size 10) 4 (step size 1) Trad. regions 

SP 

High    
domain 

1501 

241 221 281 76 - 

Low     
domain 

181 221 171 63 - 

Number of objects 12 413 377 405 2079 - 

Mean area of objects (km2) 36989.7 1074.76 1177.39 1095.99 213.5   

Compatibility area 

Number of objects 5 63 63 60 160 69 

Mean area of objects (km2) 6128.46 486.39 486.39 510.70 191.51 399.06 

Mean perimeter of objects 
(km) 

852.08 178.02 184.31 182.55 97.73 135.65 

Total Boundary length (km) 1458.89 4936.43 5134.31 4805.25 7147.47 5232.67 

Mean boundary length (km) 58.36 28.70 28.06 30.80 16.90 27.25 

Buffer width (m) Quality (Eq. 1, optimal value 1) (compatibility with traditional data) 

500 0.054 0.135 0.137 0.132 0.139 - 

1000 0.096 0.236 0.238 0.230 0.248 - 

1500 0.126 0.315 0.319 0.308 0.336 - 

2000 0.147 0.382 0.385 0.372 0.410 - 

2500 0.165 0.432 0.437 0.422 0.469 - 

3000 0.180 0.474 0.479 0.462 0.518 - 

3500 0.193 0.510 0.517 0.497 0.562 - 

4000 0.203 0.541 0.550 0.528 0.601 - 

Tab. 3 Compatibility assessment of the objects delineated in all 4 levels against traditional 
data within the Slovak and Czech part of Western Carpathians s. s., together with their statistical 
values. 
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(Fig. 35A); second, these values were ob-
tained from the whole object level (Fig. 35B). 
The first classification captured 42 individuals 
within High domain (29 positive and 23 nega-
tive) and 45 within Low domain (23 positive 
and 22 negative), 97 in total. Within the full 
scene, 84 individuals (49 positive and 35 nega-
tive) were captured. The mosaic of mountains 
and intramontane basins in the Western Carpa-
thians is visible in both classifications. Despite 
the differences, there are some individuals that 
were selected by both approaches, including the 
following objects (numbers in the text corre-
spond to the labels in Fig. 35): the mountains as 
Tatra (1), central part of Low Tatra (2), eastern 
part of Low Tatra merged with Kozie chrbty 
and Spišsko-gemerský kras (3), Veľká Fatra 
merged with Starohorské vrchy and part of 
Kremnické vrchy (4), Malá Fatra merged with 
Žiar (5), Veporské vrchy merged wih Poľana 
(6), Štiavnické vrchy (7), Strážovské vrchy (8), 
Malé Karpaty (9), Levočské vrchy (10), and 
Slanské vrchy (11), and the basins as 
Podtatranská kotlina (12), Turčianska kotlina 
(13), Žiarska kotlina (14), Horehronské podolie 
(15), Zvolenská kotlina (16), Hornonitrianska 
kotlina (17), SE spur of Žilinská kotlina merged 

with Súľovské vrchy Mts. and part of Javorníky 
Mts. (18), and Hornádska kotlina (19).  

 
5.2.4 Supervised automated object-orien-

ted approach B – version 1 
 

Despite the relatively high level of success 
using the fixed segmentation step size in the 
object-oriented approach A, the need for other 
step sizes (lower) is evident. Thus, we evaluated 
the possibility of correct determination of step 
sizes in between these orders of magnitude. Our 
hypothesis is as follows: the iterative segmenta-
tion in the ESP 2 tool has natural freedom in 
picking various object levels because of va-
riously set step sizes. If it repeatedly picks al-
most the same level with different step size, this 
might represent the most suitable segmentation 
level within the scene. Scale of such segmenta-
tion stabilisation should be applied to get a 
meaningful level. If the size of morphometrical-
morphostructural individuals in our study area 
decreases from the centre to the marginal parts, 
the suitable step size should also decrease, i.e. 
the scale of segmentation should be increasingly 
detailed, and the condition for their selection 
should also decrease to the both sides from the 

Fig. 34 Objects of the Level 3 within the compatibility area with 4000-m buffer around 
the traditional regions. The red dashed polygons point to the areas with more significant 
mismatch. 
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Fig. 35 Classification of the Level 3 objects (zoomed to the extents of the Wes-
tern Carpathians) into positive and negative morphometrical-morphostructural 
individuals of various degree within the High and Low domain (A) and within 
the full scene (B). Labels correspond to the numbers of individuals in the text 
above. 
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mean value. Decreasing the condition proved to 
be correct in the previous object-oriented ap-
proach A. If the stability of segmentation is pre-
served at the lower or equal level, the process 
should be repeated. Delineation of various hie-
rarchical levels synchronised into a single object 
level should be feasible using such variable seg-
mentation step size.  

 

5.2.4.1 Data and Methods specifications 

 

 Repetition of two processes – automated 
segmentations, based on the ESP 2 tool of the 
full scene and subsequently of domains with 
various (decreasing) SP step sizes, and classifi-
cations (selection of individuals with decreasing 
value of condition) – were carried out at the ex-
tent 22. These processes were repeatedly per-
formed over the scene after removal of signifi-
cant individuals. For each segmentation, values 
of SP, number of objects (N), and local variance 
were recorded (Tab. 4 and Fig. 36). For segmen-
tations of the full scene, step sizes from 20 to 1 
(with increment of 1) were employed, with total 
processing time more than 114 hours. Based on 
the interpretation of the results, the most stable 
object level appears to be that returning 115 ob-
jects (step size 12, 13, 15, 16, and 18 – 
Fig.  36A). There are also visible other  stabi-
lities, i.e. ca. 200 objects (e.g. step size 6) and 
ca. 600 objects (e.g. step size 4). However, in 

the first segmentation, the most suitable level 
seems to be obtained with SP 421 (step size 15) 
and 115 objects, resulting in the Level 1. Next, 
the most distinct individuals were removed: 
based on the condition > 3SDs to the both sides 
two positive individuals were selected. Rest of 
the objects (113) was classified as domain 1 and 
merged. The suitable step size for segmentations 
of the domain 1 and following domains should 
be in general lower than the previous. Step sizes 
from 15 to 1 (with increment of 1) were em-
ployed, with total processing time more than 87 
hours. Stability of segmentation with ca. 200 
objects from the first level appears here, too, in 
the form of object level created with SP 289 
(step size 6, 8, 9, and 12 – Fig. 36B). The sec-
ond stability with ca. 600 objects is visible, too 
(e.g. step size 4). Segmentation with SP 289 
(step size 9), resulting in 225 objects in the Le-
vel 2, was chosen as the most suitable segmen-
tation. Next, the condition for selection of dis-
tinct individuals was lowered to > 2SDs to the 
both sides from mean; 13 positive and 5 nega-
tive individuals were selected (18 in total). Rest 
of the objects (207) was classified as domain 2 
and merged. To segment the domain 2, step siz-
es from 9 to 1 (with increment of 1) were em-
ployed, with total processing time more than 50 
hours. Continually, two stabilisations were visi-
ble (Fig. 36C): less detailed with SP 211 and 
365 objects (step size 5, 6, and 7) and more de-
tailed with ca. 800 objects (step size 2 and 4). 

Fig. 36 Relationships of SP and number  of objects with the SP step sizes in segmenta-
tions of full scene (A), domain 1 (B), domain 2 (C) and domain 3 (D). Dashed black lines 
show segmentation stabilisations, black circles point to the selected segmentations.  



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

57 

S
te

p
 

si
ze

 

F
u

ll
 s

ce
n

e
 

D
o

m
a
in

 1
 

D
o

m
a
in

 2
 

D
o

m
a
in

 3
 

S
P

 
N

 
L

V
 

S
P

 
N

 
L

V
 

S
P

 
N

 
L

V
 

S
P

 
N

 
L

V
 

1
 

8
6
 

1
9

1
3
 

2
.6

0
6
 

8
7
 

1
8

5
1
 

2
.5

9
3
 

1
0

2
 

1
2

9
6
 

2
.5

6
8
 

1
0

2
 

1
2

9
6
 

2
.5

6
8
 

2
 

1
1

5
 

1
1

4
2
 

2
.7

8
7
 

1
0

1
 

1
4

1
5
 

2
.6

8
7
 

1
3

5
 

7
8

6
 

2
.7

5
9
 

1
3

5
 

7
8

6
 

2
.7

5
9
 

3
 

2
0

8
 

3
9

7
 

3
.3

1
8
 

2
0

8
 

3
9

2
 

3
.2

9
5
 

1
4

5
 

7
0

8
 

2
.7

8
1
 

1
4

5
 

7
0

8
 

2
.7

8
1
 

4
 

1
7

3
 

5
6

3
 

3
.1

4
8
 

1
7

3
 

5
5

6
 

3
.1

2
9
 

1
3

3
 

8
0

6
 

2
.7

5
0
 

1
3

3
 

8
0

6
 

2
.7

5
0
 

5
 

1
7

1
 

5
7

2
 

3
.1

4
9
 

1
7

1
 

5
6

5
 

3
.1

3
0
 

2
1

1
 

3
6

5
 

3
.1

5
0
 

2
1

1
 

3
6

5
 

3
.1

5
0
 

6
 

2
9

5
 

2
1

4
 

3
.6

9
4
 

2
8

9
 

2
2

5
 

3
.6

4
4
 

2
1

1
 

3
6

5
 

3
.1

5
0
 

- 
- 

- 

7
 

1
6

9
 

5
8

3
 

3
.1

4
4
 

1
6

9
 

5
7

5
 

3
.1

2
3
 

2
1

1
 

3
6

5
 

3
.1

5
0
 

- 
- 

- 

8
 

1
6

9
 

5
8

3
 

3
.1

4
4
 

2
8

9
 

2
2

5
 

3
.6

4
4
 

2
0

9
 

3
6

8
 

3
.1

5
3
 

- 
- 

- 

9
 

3
7

9
 

1
4

1
 

4
.0

3
2
 

2
8

9
 

2
2

5
 

3
.6

4
4
 

2
0

8
 

3
6

8
 

3
.1

5
3
 

- 
- 

- 

1
0
 

3
0

1
 

2
1

3
 

3
.6

9
4
 

2
9

1
 

2
2

2
 

3
.6

5
7
 

- 
- 

- 
- 

- 
- 

1
1
 

2
9

8
 

2
1

3
 

3
.6

9
4
 

2
9

8
 

2
0

9
 

3
.6

4
2
 

- 
- 

- 
- 

- 
- 

1
2
 

4
2

1
 

1
1

5
 

4
.1

2
6
 

2
8

9
 

2
2

5
 

3
.6

4
4
 

- 
- 

- 
- 

- 
- 

1
3
 

4
1

7
 

1
1

5
 

4
.1

2
6
 

4
1

7
 

1
1

2
 

4
.0

6
8
 

- 
- 

- 
- 

- 
- 

1
4
 

2
2

5
 

3
5

5
 

3
.3

6
8
 

2
2

5
 

3
5

2
 

3
.3

4
5
 

- 
- 

- 
- 

- 
- 

1
5
 

4
2

1
 

1
1

5
 

4
.1

2
6
 

4
2

1
 

1
1

2
 

4
.0

6
8
 

- 
- 

- 
- 

- 
- 

1
6
 

4
1

7
 

1
1

5
 

4
.1

2
6
 

- 
- 

- 
- 

- 
- 

- 
- 

- 

1
7
 

5
1

1
 

8
1
 

4
.2

9
2
 

- 
- 

- 
- 

- 
- 

- 
- 

- 

1
8
 

4
1

5
 

1
1

5
 

4
.1

2
6
 

- 
- 

- 
- 

- 
- 

- 
- 

- 

1
9
 

5
1

4
 

7
8
 

4
.2

8
2
 

- 
- 

- 
- 

- 
- 

- 
- 

- 

2
0
 

5
0

1
 

8
3
 

4
.2

7
7
 

- 
- 

- 
- 

- 
- 

- 
- 

- 

T
a
b

. 
4
 R

es
u

lt
s 

o
f 

se
g
m

en
ta

ti
o

n
s 

o
f 

fu
ll

 s
ce

n
e,

 d
o

m
a
in

 1
, 

d
o

m
a
in

 2
 a

n
d

 d
o

m
a
in

 3
 w

it
h

 v
a
ri

o
u

s 
st

ep
 s

iz
es

. 
 



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

58 

The former was selected as the most suitable 
segmentation (Level 3). The condition for selec-
tion of distinct individuals was lowered to > 
1SD to the both sides from mean; 51 positive 
and 41 negative individuals were selected (92 in 
total). Rest of the objects (273) was classified as 
domain 3 and merged. For segmentations of the 
domain 3, step sizes from 5 to 1 (with increment 
of 1) were employed, with total processing time 
more than 25 hours. Here, only one stabilisation 
is visible: SP 121 and 725 objects (step size 3, 
4, and 5 – Fig. 36D). This was used for  the last 
re-segmentation. After union of the new object 
level from the domain 3 with the previously re-
moved individuals (115), the final object level 
(Level 4), with total 837 objects, was obtained. 

The compatibility of all the four produced 
object levels was computed against the tradi-
tional regions within the Slovak and Czech part 
of the Western Carpathians s. s. The detailed 
workflow of this approach is shown in Fig. 37. 
The exact values of mean difference in elevation 
to the neighbouring objects used in the process 
are listed in Tab. 5. The final Level 4 was sub-
sequently classified into the positive and nega-
tive morphometrical-morphostructural individu-
als of various degree.  

 

5.2.4.2 Evaluation of the results  
 
Overall, four hierarchically-structured object 

levels in top-down manner were created. As a 
result, only one final object level was obtained, 
containing several hierarchical levels with fea-
tures delineated in four segmentations.  

The first segmentation of the full scene (SP 
421) resulted in the coarsest object Level 1 with 
115 objects. The delineated objects presumably 
represent features between regional and super-
regional level. Most of the objects represent 

mountains or basins merged with their adjacent 
areas. Thus, the object level 1 is highly generali-
sed, but the most distinct features are captured. 
To some degree, the objects are similar to the 
morphostructural subdivision in MINÁR et al. 
(2011) or to the historical mountain chains made 
by D. Štúr in 1862. Only two positive distinct 
individuals were selected. The first represents 
Tatra Mts. as the most distinct morphostructure 
within the Western Carpathians, and the second 
covers the highest part of Apuseni Mts. located 
in the Western Romanian Carpathians. There-
fore, this segmentation can be labelled as pre-
processing of the full scene, where only the 
most distinct individuals are captured. The re-
sults of the Level 1, including both segmenta-
tion and classification, are displayed in Fig. 38. 
After union with the removed individuals, the 
second segmentation, of the domain 1 (SP 289, 
225 objects), resulted in the object Level 2 with 
227 objects. In general, this object Level 2 
should represent regional features, though some 
signs of under-segmentation are visible. Based 
on the lowered condition, 13 positive and 5 ne-
gative individuals were selected (18 in total). 
The results of the Level 2, including both seg-
mentation and classification, are displayed in 
Fig. 39. The segmentation of the domain 2 
(SP 211, 365 objects) resulted in the object Le-
vel 3 with 385 objects, after union with the pre-
viously removed individuals. The third segmen-
tation not only captured the smaller regional 
features, but also re-shaped the larger regional 
features, captured already by the previous seg-
mentation. In the individual selection, the condi-
tion was again lowered, and 51 positive and 41 
negative individuals were selected (92 in total). 
However, the condition of only 1 SD from the 
mean selected not only the distinct individuals, 
but also the objects with merged mountains and 
basins. This issue will be addressed later. The 

Mean difference in ele-
vation (m) 

Level 1 Level 2 Level 3 Level 4 

Full scene Domain 1 Domain 2 Full scene 

- 3SD -460.06 -421.54 -292.58 -294.24 

- 2SD -305.44 -281.06 -198.92 -197.26 

- 1SD -150.81 -140.57 -105.27 -100.28 

Mean 3.81 -0.09 -11.61 -3.30 

+ 1SD 158.44 140.39 82.05 93.68 

+ 2SD 313.06 280.88 175.71 190.66 

+ 3SD 467.69 421.36 269.37 287.64 

Tab. 5 Mean differences in elevation to the neighbour ing objects for  the Level 
1 – 4.  
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results of the Level 3, including both segmenta-
tion and classification, are displayed in Fig. 40. 
The (fourth) segmentation of the domain 3 (SP 
121, 725 objects) resulted in the object Level 4 
with 837 objects, after union with the previously 
removed individuals. Due to the relatively low 
value of SP, not only regional, but also sub-
regional features were delineated (Fig. 41). 

Since the object Level 4 was obtained by 
four independent segmentations, it represents 
four different levels of details, i.e. features ex-
tracted from super-regional to sub-regional scale 
are combined into one single object level. Ho-
wever, due to the relatively low value of SP, 
some signs of over-segmentation are visible. 
They occur mainly in low and plain areas out-

 

Fig. 37 Workflow of segmentations and classifications in the object-oriented approach B, 
version 1. 
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side the mountainous regions in this extent. In 
addition, marginal and transitional parts of the 
study area are also slightly over-segmented. The 
solution could be to apply some merging criteria 
for the objects outside our study area. Even 
though this approach is quite complicated, the 
results obtained are not perfect. There are two 
wrongly delineated objects, which were selected 
as individuals after segmentation of the domain 
2 (Fig. 42). 

In the first object (1, Fig. 42), the western 
part of Low Tatra Mts., Kozie chrbty Mts. and 
central part of Podtatranská kotlina basin are 
merged. The second object (2, Fig. 42) covers 
Hornonitrianska kotlina basin and Tribeč Mts. 

These objects originated in the classification of 
the third segmentation, where they were sele-    
cted as individuals with condition > 1SD. This 
might indicate that either the condition was lo-
wered too fast, or that such soft limit is not sui-
table for recognition of distinct individuals.  

The results of compatibility assessment of all 
four levels produced in this approach, as well as 
statistical values describing shape of the objects 
in both the full scene and the compatibility area, 
are in Tab. 6. Zoomed to the compatibility area, 
the final Level 4 is displayed in Fig. 43, together 
with 4000-m buffer around the traditional re-
gions. Moving from the Level 1 to the Level 4, 
the number of objects within the compatibility 

Fig. 38 Results of the Level 1 – segmentation of full scene (A) and classification into 
distinct individuals (B).  

Fig. 39 Results of the Level 2 – segmentation of domain 1 (A) and classification into dis-
tinct individuals (B).  
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Fig. 40 Results of the Level 3 – segmentation of domain 2 (A) and classification 
into distinct individuals (B).  

Fig. 41 Results of the Level 4 – segmentation of domain 3 (A) and final object 
level after union with all previously selected individuals (B).  

Fig. 42 Wrongly delineated objects (red polygons) selected in the classifica-
tion of domain 2. Numeric labels correspond to the numbers in the text above.  
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area as well as the Quality values increase. The 
highest Quality (0.6013 in the 4-km buffer) is in 
the Level 4, but the number and mean area of 
the objects in the compatibility area is higher 
than the number and mean area of the traditional 
regions. However, their mean boundary length 
is comparable to the traditional regions (24.56 
and 27.25, respectively). The higher number of 
objects is not considered as shortage, since their 
count is also affected by the objects interfering 
only marginally. The number of objects, boun-
dary length and mean area is closest to the tradi-
tional regions in the Level 3: 73, 4942.84 km 
and 419.76 km2 compared to 69, 5232.67 km 
and 399.06 km2, respectively, with compatibility 
of 0.546 Quality points.  

The classification of the final level 4 into the 
positive and negative morphometrical-morpho-
structural individuals of various degree is dis-
played in Fig. 44. Within the full scene, 81 posi-
tive and 70 negative individuals (151 in total) 
were recognised. The mosaic of mountains and 
intramontane basins in the Western Carpathians 

is clearly visible. In contrast to the classification 
of the final object level in the object-oriented 
approach A (84 individuals, fig. 5.22), markedly 
higher number of individuals was captured. Na-
turally, the higher number of the recognised in-
dividuals is conditioned by the higher number of 
all objects. The recognised mountains include 
(numbers in the text correspond to the labels in 
Fig. 44) Tatra (1), central par t of Low Tatra 
(2), eastern part of Low Tatra merged with Ko-
zie chrbty and Spišsko-gemerský kras (3), 
Veľká Fatra merged with Starohorské vrchy and 
part of Kremnické vrchy (4), Malá Fatra merged 
with Žiar (5), Veporské vrchy merged with Po-
ľana (6), Štiavnické vrchy divided into two parts 
(7), Strážovské vrchy (8), Malé Karpaty (9), 
Levočské vrchy (10), Slanské vrchy (11), higher 
part of Považský Inovec (12), Biele Karpaty 
divided into two parts (13), Oravská vrchovina 
as negative individual (14), and two parts of 
Stolické vrchy (15); the recognised basins in-
clude Podtatranská kotlina divided into two 
parts (16), Turčianska kotlina (17), Žiarska ko-

Full scene 

Level 1 2 3 4 Trad. regions 

SP 421 289 211 121 - 

Number of objects 115 227 385 837 - 

Mean area of objects (km2) 3859.79 1955.4 1152.93 530.32 - 

Compatibility area 

Number of objects 22 43 62 93 69 

Mean area of objects (km2) 1392.83 712.61 494.23 329.49 399.06 

Mean perimeter of objects (km) 351.00 231.82 181.10 140.17 135.65 

Total boundary length (km) 3189.71 4312.84 4942.84 5846.43 5232.67 

Mean boundary length (km) 44.30 33.96 29.25 23.77 27.25 

Buffer width (m) Quality (Eq. 1, optimal value 1) (or  compatibility with trad. regions) 

500 0.107 0.124 0.134 0.147 - 

1000 0.181 0.216 0.235 0.258 - 

1500 0.239 0.288 0.316 0.347 - 

2000 0.284 0.347 0.383 0.420 - 

2500 0.319 0.391 0.435 0.478 - 

3000 0.348 0.428 0.477 0.525 - 

3500 0.372 0.459 0.515 0.567 - 

4000 0.393 0.485 0.546 0.601 - 

Tab. 6 Compatibility assessment of the objects delineated in all 4 levels against traditional 
data within the Slovak and Czech part of the Western Carpathians s. s., together  with their statisti-
cal values.  
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Fig. 43 Objects of Level 4 within the compatibility area with buffer  of 4000 m 
around the traditional regions. 

Fig. 44 Classification of the Level 4 objects (zoomed to the extents of the Wes-
tern Carpathians) into the positive and negative morphometrical-morphostructural 
individuals of various degree. Numeric labels correspond to the numbers in the text 
above.  
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tlina (18), Horehronské  podolie (19), Zvo-
lenská kotlina (20), Hornonitrianska kotlina 
merged with Tribeč Mts. (21), SE spur of 
Žilinská kotlina merged with Súľovské vrchy 
and part of Javorníky (22), Hornádska kotlina 
(23), Považské podolie (24), and Rožňavská 
kotlina (25).  

As mentioned before, using > 1SD from the 
mean value is not suitable condition to select 
the individuals, due to its relatively low value. 
Therefore, we aimed to test our hypothesis, em-
phasizing lower segmentation step size and lo-
wer condition for selection of individuals, fur-
ther. Here arose the hypothesis that condition 
with > 2SDs from the mean value could be re-
peated to avoid wrong selection of heterogene-
ous objects as individuals. For instance, repeti-
tion of this condition could be sustained as long 
as some objects are selected. However, exagge-
ratedly said, it might lead to endless segmenta-
tions. Thus, we could apply a requirement for 
number of selected objects to be higher than or 
equal to the number in the previous selection. 
(Alter-natively, repetition of the condition of > 
3SDs from the mean value was tested. Howe-
ver, already after the second segmentation, no 
more objects were selected, due to its high va-
lue). We assessed this hypothesis, which resul-
ted in the version 2 of this object-oriented ap-
proach B described in the following chapter.  

5.2.5 Supervised automated object-orien-
ted approach B – version 2 

 

5.2.5.1 Data and Methods specifications 
 

 As in the version 1, repetitions of two pro-
cesses (automated segmentations based on the 
ESP 2 tool with various SP step sizes and selec-
tion of individuals with decreasing value of con-
dition) were carried out within the extent 22. Up 
to the third segmentation (segmentation of the 
domain 2), the process is the same as in the ver-
sion 1. In contrast, condition of > 2SDs was 
used repeatedly throughout the subsequent pro-
cess. The following summary starts with this 
segmentation. Values recorded for each seg-
mentation are listed in Tab. 7 and visualized in 
Fig. 45 (cf. Tab. 4 and Fig. 36). 

 Segmentation of the domain 2 with SP 211 
resulted in the Level 3 with 365 objects Based 
on the condition > 3SDs of MD in elevation, 18 
positive and 10 negative individuals were selec-
ted (28 in total). Rest of the objects (337) was 
classified as the domain 3 and merged. Step si-
zes from five to one were employed for seg-
mentation of the domain 3, with total processing 
time more than 32 hours. Here, one approxima-
ted stabilisation was visible: step size 5 and 4 
resulting in 481 objects with SP 171 and in 474 

Fig. 45 Relationships of SP and number  of objects against the SP step sizes in segmentations 
of domain 3 (A), domain 4 (B), domain 5 (C) domain 6 (2.1) and (2.2) (D). Dashed black lines 
show segmentation stabilisations, black circles point to the selected segmentations.  
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objects with SP 173, respectively. Segmentation 
with SP 171 was used further, resulting in the 
Level 4. Based on the condition > 2SDs of MD 
in elevation, 21 positive and 14 negative individ-
uals were selected (35 in total). Rest of the ob-
jects (446) was classified as the domain 4 and 
merged again. For segmentation of the domain 
4, step sizes from five to one were employed, 
with total processing time more than 23 hours. 
Likewise, one stabilisation was visible, at the 
step size 4 and 3 resulting in 614 objects with 
SP 145. This segmentation was used further as 
the object Level 5. Based on the repeated condi-
tion > 2SDs of MD in elevation, 18 positive and 
18 negative individuals were selected (36 in to-
tal). The condition of the number of selected 
objects is still preserved. Rest of the objects 
(578) was classified as the domain 5 and 
merged. For segmentation of the domain 5, step 
sizes from ten to one were employed, with total 
processing time more than 39 hours. The range 
of step sizes was extended to ten, since the pre-
viously used equal and lower step size (i.e. four 
and lower) showed no stability in segmentation 
at the lower level. Two possible step sizes were 
selected for testing: the first fulfils the condition 
of a lower, more detailed segmentation, the sec-
ond fulfils the condition of segmentation stabili-
sation.  

Firstly, the subversion 2.1 was carried out. 
For segmentation of the domain 5, step size 3 
with SP136 and 641 objects was selected, resul-
ting in the Level 6. The requirement of lower 
segmentation level was met, though without sta-
bilisation in segmentation. Based on the condi-
tion > 2SDs of MD in elevation, 16 positive and 
14 negative individuals were selected (30 in to-
tal), i.e. the requirement to select larger or equal 
number of individuals was no longer fulfilled. 
Rest of the objects (611) was classified as the 
domain 6 and merged. For its segmentation, step 
sizes from ten to one were employed, with total 
processing time of more than 42 hours. Similar 
situation as before happened: one stabilisation is 
visible, though with lower number of objects 
(e.g. step size 4 or 5). To obtain lower level with 
higher number of objects and avoid over-
segmentation, step size 3 can also be selected. 
Both (SP 221 with 286 objects and SP 184 with 
361 objects) were used for the last re-seg-
mentation of the domain 6. After union with the 
previously removed individuals (149) we ob-
tained less detailed variant a of the Level 7 with 
435 objects and more detailed variant b of the 
Level 7 with 510 objects. 

Secondly, we created the subversion 2.2. For 
segmentation of the domain 5, step size 4 with 

SP 225 and 277 objects was selected, resulting 
in the Level 6. The requirement of lower seg-
mentation is not fulfilled, but the stabilisation in 
the segmentation is visible. Based on the condi-
tion > 2SDs of MD in elevation, 9 positive and 4 
negative individuals were selected (11 in total). 
Again, the requirement to select larger or equal 
number of individuals was not fulfilled. Rest of 
the objects (264) was classified as the domain 6 
and merged. For its segmentation, step sizes 
from ten to one were employed, with total pro-
cessing time of more than 45 hours. The same 
situation as before arose. One stabilisation, only 
with slightly higher number of objects, is visible 
(e.g. step size 4 or 5). Step size 3 with higher 
number of objects can also be selected. Both (SP 
225 with 268 objects and SP 169 with 413 ob-
jects) were used for the last re-segmentation of 
the domain 6. After union with the previously 
removed individuals (132), two variants of the 
Level 7 were obtained: less detailed variant a 
with 400 objects and more detailed variant b 
with 545 objects. Both inconsistencies to our 
hypothesis, i.e. no stability in segmentation at 
the lower level and lower number of extracted 
individuals, could indicate the need to stop the 
process after segmentation of the domain 4. 
Therefore, after union with the previously re-
moved individuals (119), the final Level 5 was 
obtained. 

The compatibility of the produced object le-
vels was computed against traditional regions 
within the Slovak and Czech part of the Western 
Carpathians s. s. The workflow of this approach 
is detailed in Fig. 46. The exact values of mean 
difference in elevation to the neighbouring ob-
jects used in the process for selection of indivi-
duals for Levels 3 –7 are listed in Tab. 8 (cf. 
Tab.  5 for  values used at the Level 1 and 2). 
Objects of the Level 5 and of both variants of 
the Level 7 (subversion 2.1) were subsequently 
classified into the positive and negative morpho-
metrical-morphostructural individuals of various 
degree within the full scene.  

 

5.2.5.2 Evaluation of the results  
 

 Overall, seven hierarchically-structured ob-
ject levels were created. Up to the Level 5, the 
requirement of top-down manner of segmenta-
tions is sustained. While the additionally pro-
duced Level 6 in the subversion 2.1 also follows 
top-down manner, both variants of the Level 7 
have smaller number of objects in the domain 6 
and thus changed to bottom-up manner. On the 
contrary, the Level 6 in the subversion 2.2 
changes to bottom-up manner, but two variants 
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Fig. 46 Workflow of segmentations and classification in the object-oriented approach B, ver. 2. 
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of the Level 7 share the top-down manner. The 
first three levels are described in chapter 5.2.4.2. 
The results of the Level 1 and 2 are displayed in 
Fig. 38 and Fig. 39. 

The difference between the Levels 3 
(Fig. 47) is in the selection of individuals: we 
repeatedly applied the condition of >2SDs in 
this approach. Although lower number of ob-
jects was selected (28), they represent higher 
order of distinct mountains and basins; thus, 
selection of wrong objects, as in the version 1, 
was avoided. The fourth segmentation of the 
domain 3 (SP 171, 481 objects) resulted in the 
object Level 4 with 529 objects (Fig. 48), after 
union with the previously removed individuals. 
In comparison to the version 1, where the Level 
4 with 837 objects is the final level, the process 
here continues. Despite different number of ob-
jects, they share similar level of detail in the 
core part of the study area, but the version 2 
does not show signs of over-segmentation in 
low and plain terrain. Thus, regional features of 
various sizes and some sub-regional features 
were delineated. Based on the repeated condi-
tion of >2SDs of MD in elevation, 35 additional 
distinct individuals were selected. After union 
with the previously removed individuals, the 
segmentation of the domain 4 (SP 145, 614 ob-
jects) resulted in the object Level 5 with 697 
objects. Because of relatively low SP value, 
smaller features of sub-regional scale were also 
delineated (Fig. 49). Despite repeating the con-
dition of >2SDs of MD in elevation, more indi-
viduals are still selected (36). The relatively low 
segmentation scale also depicted smaller (in 
size) mountains and basins located in the mar-
ginal areas; some of them were correctly selec-
ted as distinct individuals. The number of selec-
ted objects is one higher than in the previous 
selection. The consolidation of the number of 
selected objects could indicate that all meaning-
ful individuals have already been selected. This 
is also confirmed visually: the major part of the 
core of the study area is covered by the selected 

individuals. Other parts of the study area also 
contain well-delineated features, though not se-
lected as individuals. Subsequent segmentations 
of the domain 5 revealed no further stabilisation 
at the lower level.  

Nevertheless, two segmentation scales were 
selected and applied to demonstrate our hypo-
thesis. The sixth segmentation selected in the 
subversion 2.1 (SP 136, 641 objects) resulted, 
after union with the previously removed individ-
uals, in the object Level 6 with 760 objects. Alt-
hough the segmentation scale is lower, it is 
without stabilisation. Compared to the Level 5, 
there are no significant differences in mountain-
ous areas, only some of the delineated features 
were divided into smaller parts and some boun-
daries were re-shaped. However, low and plain 
areas outside our study area show visible signs 
of over-segmentation (Fig. 50). Next, based on 
the repeated condition of > 2SDs of MD in ele-
vation, lower number of individuals was selec-
ted (30) than before. Even though some distinct 
individuals were seized, the requirement to se-
lect equal or larger number of objects is not ful-
filled. Two variants of the Level 7 resulting 
from the seventh segmentation (the last re-
segmentation of the domain 6) are displayed in  
Fig. 51. The fir st, less detailed but stable, var-
iant 2.1.a (SP 221, 286 objects) has 435 objects 
after union with the previously removed individ-
uals. In terms of the level of detail given by 
number of objects, it is similar to the Level 4, 
but it contains more boundaries of smaller indi-
viduals. Moreover, some previously well-deli-
neated features were merged and show slight 
signs of under-segmentation. The second and 
more detailed variant 2.1.b (SP 184, 361 ob-
jects) has 510 objects after union with the previ-
ously removed individuals. Again, it is similar 
to the Level 4, and despite having higher num-
ber of objects than the first variant, some signs 
of under-segmentation are still present.  

The sixth segmentation selected in the sub-
version 2.2 (SP 225, 277 objects) resulted, after 

MD in 
elevation 

(m) 

O-O Approach B, version 2  Subversion 2.1. Subversion 2.2. 

Level 3 Level 4 Level 5 Level 5 Level 6 
Level 7 

(a) 
Level 7 

(b) 
Level 6 

Level 7 
(a) 

Level 7 
(b) 

Dom. 2 Dom. 3 Dom. 4 F. scene Dom. 5 F. scene F. scene Dom. 5 F. scene F. scene 
- 3SD -292.58 -233.08 -191.91 -321.60 -161.33 -406.30 -376.62 -180.27 -359.44 -412.89 
- 2SD -198.92 -160.25 -133.25 -215.77 -112.58 -270.37 -251.52 -127.96 -240.47 -274.69 
- 1SD -105.27 -87.42 -74.58 -109.93 -63.83 -134.44 -126.41 -75.66 -121.50 -136.50 
Mean -11.61 -14.59 -15.92 -4.09 -15.09 1.48 -1.31 -23.35 -2.53 1.69 
+ 1SD 82.05 58.24 42.75 101.75 33.66 137.41 123.80 28.96 116.44 139.88 
+ 2SD 175.71 131.08 101.41 207.59 82.41 273.34 248.90 81.26 235.41 278.08 

+ 3SD 269.37 203.91 160.07 313.42 131.16 409.27 374.01 133.57 354.38 416.27 

Tab. 8 Values of mean difference in elevation to the neighbour ing objects for  the Levels 3 – 7. 
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Fig. 47 Results of the Level 3 – segmentation of domain 2 (A) and classification 
into distinct individuals (B).  

Fig. 48 Results of the Level 4 – segmentation of domain 3 (A) and classification into 
distinct individuals (B).  

Fig. 49 Results of the Level 5 – segmentation of domain 4 (A) and classification into 
distinct individuals (B).  
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union with the previously removed individuals, 
in the object Level 6 with 396 objects, displayed 
in Fig. 52. Although the segmentation scale 
showed stability, the level is, in comparison to 
the Level 5, hierarchically higher and number of 
objects decreased to ca. its half. Based on the 
condition of > 2SDs of MD in elevation, only 11 
individuals were selected (much fewer than be-
fore) and rest of the area shows signs of under-
segmentation. To reach the desirable level of 
detail, further segmentation was needed. Two 
variants of the Level 7 resulting from the last 
(seventh) re-segmentation of the domain 6 are 
displayed in Fig. 53. Both represent hierarchical-
ly lower level. The first, less detailed but stable, 
variant 2.2.a (SP 225, 268 objects) has 400 ob-
jects after union with the previously removed 

individuals. In fact, with an exception of small 
changes in some boundaries and four additional 
objects, it is the same as the Level 6, i.e. they 
share properties. The second, more detailed va-
riant 2.2.b (SP 169, 413 objects) has, after union 
with the previously removed individuals, 545 
objects. Its boundaries are similar to the Level 6.  

In conclusion, the differences between the 
two variants (2.1 and 2.2) of the Level 6 are 
mainly in the low areas outside our study area. 
The same applies to the four variants of the Le-
vel 7. However, neither of the additional pro-
cesses in the subversion 2.1 and 2.2 brought im-
provement to the objects. More importantly, 
both subversions contain inconsistencies with 
the proposed hypothesis and methodology, 
which can be interpreted as verification of our 

Fig. 50 Results of the Level 6 (subversion 2.1) – segmentation of domain 5 (A) and classi-
fication into distinct individuals (B).  

Fig. 51 Results of the Level 7 (subversion 2.1) – less detailed variant a (A) and more 
detailed variant b (B).  
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hypotheses. Therefore, the object Level 5 with 
697 objects is considered as the final level in this 
approach.                                                                                         

The results of compatibility assessment of all 
eight levels produced in this approach, as well as 
statistical values describing shape of the objects 
in both the full scene and the compatibility area, 
are in Tab. 9. The final Level 5 is together with 
4000-m buffer around the traditional regions 
displayed within the compatibility area in 
Fig. 54. Moving from the Level 1 to the Level 
5 (values for Level 1, 2 and 3 are in Tab. 6), 
number of the objects within the compatibility 
area and their Quality values increase. Then, 
both versions of the Level 6 as well as four va-
riants of the Level 7 have smaller compatibility, 
although the number of objects is closer to the 

traditional set. The highest Quality (in 4-km 
buffer) is in the Level 5 – 0.610, but number of 
objects is larger (mean area and mean boundary 
length are naturally lower) compared to the tra-
ditional set. Larger number of objects is also 
affected by objects interfering only marginally, 
mainly in the S, SW and NE parts. The number 
of objects and mean boundary length is closest 
to the traditional set in the Level 7 (a) of the sub-
version 2.2 – 73 and 27.1 km compared to 69 
and 27.3 km, respectively, with Quality of 
0.598; boundary length is closest in the Level 4 
– 5411 km compared to 5232.7 km with Quality 
of 0.591; and mean area is closest in the Level 7 
(a) in the subversion 2.1 – 392.8 km2 compared 
to 399.1 km2 with Quality of 0.601. However, 
the methodological requirements, which repre-

Fig. 52 Results of the Level 6 (subversion 2.2) – segmentation of domain 6 (A) 
and classification into distinct individuals (B).  

Fig. 53 Results of Level 7 (subversion 2.2) – less detailed variant a (A) and more 
detailed variant b (B).  
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sent the reduction of subjectivity in the process, 
are met only up to the Level 5, which was evalu-
ated as the final one.  

Classification of the final Level 5 into posi-
tive and negative morphometrical-morphostruc-
tural individuals of various degree is displayed 
in Fig. 55. 72 positive and 58 negative individu-
als were recognised (130 in total) in the full sce-
ne. The basic mosaic of mountains and intra-
montane basins within our study area is again 
clearly visible. In comparison to such classifica-
tion of the Level 4 in version 1, 21 fewer objects 
were assigned to the classes of individuals due to 
the lower number of objects in overall. Howe-
ver, some objects moved to the higher degree of 
individuality class (e.g. > 3SDs instead of > 
2SDs or > 2SD instead of > 1SDs). The indivi-
duals recognised within our study area (numbers 
in the text correspond to the labels in fig. 5.42) 
include mountains: Tatra (1), Low Tatra as two 
objects (2), Veľká Fatra merged with Staro-
horské vrchy and part of Kremnické vrchy (3), 
Malá Fatra merged with Žiar (4), Veporské 
vrchy merged with Poľana (5), Vtáčnik merged 

with Pohronský Inovec (6), Javorie (7), Štiav-
nické vrchy (8), Strážovské vrchy (9), higher 
part of Považský Inovec (10), Malé Karpaty 
(11), Levočské vrchy (12), Volovské vrchy mer-
ged with Čierna hora, Branisko and Bachureň 
(13), and Slanské vrchy (14), and basins: Pod-
tatranská kotlina (15), Turčianska kotlina (16), 
Žiarska kotlina (17), Horehronské podolie (18), 
Zvolenská kotlina (19), Hornonitrianska kotlina 
(20), SE spur of Žilinská kotlina merged with 
Súľovské vrchy Mts. and part of Javorníky Mts. 
(21), Hornádska kotlina (22), northern part of 
Považské podolie (23), and Pliešovská kotlina 
merged with Kremnické vrchy (24). 

 The classification of both variants of the Le-
vel 7 is included in Fig. 56 to demonstrate the 
changes in assignment to the classes. The results 
of the subversion 2.1 are preferred due to higher 
values of compatibility. 64 positive and 50 nega-
tive individuals were recognised (114 in total) 
within the full scene of the less detailed variant 
a. In the more detailed variant b, it was 68 posi-
tive and 51 negative individuals (119 in total). 
Although almost the same number of positive 

  Subversion 2.1 Subversion 2.2   

Full scene 

Level 4 5 6 7 (a) 7 (b) 6 7 (a) 7 (b) Trad. regions 

SP 171 145 136 221 184 225 225 169 - 

Number of objects 529 697 760 435 510 396 400 545 - 

Mean area of objects 
(km2) 

839.1 636.8 584.1 1020.4 870.4 1120.9 1109.7 814.5 - 

Compatibility area 

Number of objects 79 92 96 78 88 73 73 83 69 
Mean area of objects 

(km2) 
387.9 333.1 319.2 392.8 348.2 419.8 419.8 369.2 399.1 

Mean perimeter (km) 154.0 141.5 136.1 161.5 146.7 168.1 169.0 153.0 135.7 

Total boundary length 
(km) 

5411.0 5838.5 5863.0 5626.2 5784.5 5463.9 5495.5 5676.9 5232.7 

Mean boundary length 
(km) 

25.3 23.7 23.5 25.2 24.4 26.5 27.1 25.6 27.3 

Buffer width (m) Quality (Eq. 1, optimal value 1) (compatibility against traditional data) 

500 0.148 0.143 0.143 0.144 0.143 0.144 0.144 0.144 - 

1000 0.258 0.254 0.253 0.254 0.252 0.253 0.253 0.253 - 

1500 0.346 0.344 0.342 0.343 0.341 0.341 0.342 0.342 - 

2000 0.418 0.421 0.419 0.418 0.417 0.416 0.417 0.417 - 

2500 0.473 0.482 0.479 0.476 0.477 0.473 0.474 0.476 - 

3000 0.518 0.532 0.529 0.524 0.527 0.520 0.522 0.527 - 

3500 0.558 0.576 0.573 0.566 0.569 0.561 0.563 0.569 - 

4000 0.591 0.613 0.610 0.601 0.606 0.596 0.598 0.605 - 

Tab. 9 Compatibility assessment of the objects delineated at all 4 levels against traditional 
data within the Slovak and Czech part of Western Carpathians s. s. together with their statistical 
values. 
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and negative individuals was classified in both 
variants, some differences are visible: e.g. some 
individuals were assigned to the lower order 
class in the variant a (e.g.  > 2SDs instead of > 3 
SDs or > 1SD instead of > 2SDs). Caused by the 
overall number and size of the objects, this oc-
curred, for instance, to the following mountain 
objects (numbers in the text correspond to the 
labels in Fig. 56): Low Tatra (1), Poľana merged 
with part of Veporské vrchy (2), and Mátra (3); 
and to the basin object of the western part of 
Podtatranská kotlina (4). The size and number 
influence not only the values of differences in 
elevation, but also the mean values in the full 
scene (the greater the size of the objects, the 
higher the mean value).  

 

5.2.6 Summary of the proposed object-
oriented approaches  

 

 Altogether, we suggested two different su-
pervised automated object-oriented approaches, 
which resulted in three object levels evaluated as 
the final. We used iterative segmentation based 
on the ESP 2 tool (DRǍGUŢ et al. 2014) and 
object feature describing mean difference to 
neighbouring objects in elevation in both ap-
proaches.  

 The first object-oriented approach, approach 
A, is inspired by the work of DRǍGUŢ and EI-
SANK (2012). Segmentation with equal step 
size (100 and 10) in combination with definition 
of High and Low domain based on mean eleva-

tion of objects was carried out, and distinct indi-
viduals were selected using the condition of > 
2SDs from the mean value. Three segmentations 
and one selection of individuals resulted in three 
hierarchically-structured object levels. The first 
segmentation of the full scene with SP 1501 cre-
ated object Level 1 with 12 objects, which repre-
sent basic super-regional features. This segmen-
tation successfully aimed for approximated de-
lineation of the Western Carpathian core area as 
one object. The second segmentation of the sep-
arated High and Low domain with SP 241 and 
181, respectively, resulted in the object Level 2 
with 413 objects. Basic regional features were 
delineated. 24 objects were selected in the selec-
tion of individuals. The third segmentation of the 
remaining High and Low domain with identical 
SP 211 resulted in the final object Level 3 with 
347 objects. The previously delineated regional 
features were re-shaped. The clear decrease in 
number of objects after the last segmentation is 
caused by change in segmentation manner – 
from top-down to bottom-up. In addition, several 
objects with elongated shape had to be refined 
based on their density. Overall, this approach is 
considered as the simpler, with well-delineated 
objects, though some under-segmentation in are-
as with more rugged terrain remains. The issue 
of under-segmentation was attributed to the seg-
mentation step size, which should be presumably 
lower than 10 to recognize sub-regional features. 

 The second object-oriented approach, ap-
proach B, is targeted to evaluate not only varia-
ble segmentation step size, but also variable con-

Fig. 54 Objects of Level 5 within the compatibility area with 4000-m 
buffer around the traditional regions.  
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dition for selection of individuals. Both should 
have decreasing trend, since the size of morpho-
structural features varies from the centre towards 
the margins of the study area. Two different ver-
sions of processes were carried out in this ap-
proach. The most suitable segmentation step si-

zes were defined based on the stabilisation in 
segmentation (i.e. when almost the same objects 
are delineated with various step sizes). Four seg-
mentations with decreasing level of detail and 
three selections of individuals with decreasing 
value of condition (i.e. > 3, 2, and 1SD) were 

Fig. 55 Classification of the Level 5 (zoomed to the extents of the Wes-
tern Carpathians) into the positive and negative morphometrical-
morphostructural individuals of various degree. Labels correspond to the 
numbers in the text above. 

Fig. 56 Classification of the Level 7 objects into the positive and nega-
tive morphometrical-morphostructural individuals of various degree: less 
detailed variant a (A) and more detailed variant b (B) of the subversion 
2.1. Labels correspond to the numbers in the text above. 
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performed in the version 1, creating four hierar-
chically-structured object levels in top-down 
manner. Except for the segmentation of the full 
scene, further segmentations were carried out on 
remaining objects (domains) after selected indi-
viduals were removed. The first segmentation of 
the full scene with SP 421 resulted in the coars-
est object Level 1 with 115 objects, representing 
features between super-regional and regional 
level. Only two most distinct morphostructures 
were selected in the first round. The segmenta-
tion of the domain 1 with SP 289 resulted in the 
object Level 2 with 227 objects representing re-
gional features. Based on the condition, 18 indi-
viduals were selected. The third segmentation 
(of the domain 2) with SP 211 resulted in the 
object Level 3 with 385 objects. This segmenta-
tion not only delineated smaller regional fea-
tures, but also re-shaped the features captured by 
the previous segmentation. Based on the condi-
tion, 92 individuals were selected. The segmen-
tation of the domain 3 with SP 121 resulted in 
the most detailed, final object Level 4 with 837 
objects. Here not only regional, but also sub-
regional features were delineated, though with 
high over-segmentation in low and plain areas. 
Nevertheless, all objects (except for two) within 
our study area are meaningful and well-deli-
neated. Therefore, the process of decreasing seg-
mentation scale (in terms of its step size) proved 
to be suitable. However, decreasing value of 
condition for selection of individuals is question-
able: the value of 1 SD caused wrong delineation 
of the two mentioned objects, which suggests 
that it is too low threshold, and was evaluated as 
not suitable.  

The option not to use the value of 1 SD, but 
only to repeat the condition of 2SDs until most 
of the distinct individuals is selected, was as-
sessed in the version 2 of the object-oriented 
approach B. Up to the third segmentation resul-
ting in the object Level 3, the process is the 
same as in the version 1. Then, based on the re-
peated condition of > 2SDs, 28 individuals were 
selected. The fourth segmentation (of the do-
main 3) with SP 171 resulted in the object Level 
4 with 529 objects. Regional features of various 
sizes and some sub-regional features were deli-
neated. Based on the condition, 35 individuals 
were selected. The segmentation of the domain 4 
with SP 145 resulted in the object Level 5 with 
697 objects. The previously delineated regional 
features were re-shaped, and some new sub-
regional features were created. Since none of the 
further tests improved the objects, the object 
Level 5 was evaluated as the final level. To con-
clude, desired results, in terms of not selecting 
too heterogeneous objects as individuals, were 

achieved when we avoided the condition of > 
1SD.  

Using hierarchically-structured segmenta-
tions, all final levels represent combination of 
several levels of detail: three in the Level 3 of 
the object-oriented approach A , four in the Le-
vel 4 of the object-oriented approach B – version 
1, and five in the Level 5 of the object-oriented 
approach B – version 2. All the object levels 
produced in both approaches are schematically 
summarised in Fig. 57. We also elaborated an-
other version of compatibility assessment. We 
first expertly corrected the number of objects in 
the compatibility area (elimination of micro-
objects at the border), and then re-calculated 
compatibility.  

Both versions of the object-oriented approach 
B show in the top-down manner decrease in SP 
and increase in number of objects and Quality 
values. This also applies to the object-oriented 
approach A up to the Level 2. Moving to the 
Level 3, SP decreases in the High domain and 
increases in the Low domain. However, overall 
number of objects as well as their Quality in-
creases, except for the approach A, where the 
number of objects in the Level 3 is smaller than 
in the Level 2. All three final levels zoomed to 
the approximated extents with full, nearly full 
and prevailing membership to the Western Car-
pathians after MINÁR et al. (2011) are in 
Fig. 58. The results of compatibility assess-
ment after adjustment, as well as statistical va-
lues describing their shape are in Tab. 10. The 
final levels are mutually compared, based on 
their overlay with the traditional regions within 
the compatibility area, in Fig. 59. 

Compared to the traditional regions, the ob-
jects of the final Level 3 in the object-oriented 
approach A (49 vs. 69 polygons) are generally 
larger (605.13 vs. 399.06 km2) and have compat-
ibility of 0.546 (in 4-km buffer). The larger and 
more distinct morphostructures in rugged terrain 
are well-delineated and there are almost no signs 
of over-segmentation in lower and plain areas. 
Still, there are cases when one object covers 
more than one bigger mountainous traditional 
region, which is caused by removal of such ob-
jects as distinct individuals. These cases can be 
accepted as an alternative perception of the de-
lineated morphostructures. Next, some smaller 
and less distinct morphostructures are merged 
(under-segmentation) because of relatively high 
scale of the last segmentation. Despite, segmen-
tation increments used in this approach reflect 
different orders of magnitude described in DRĂ-
GUŢ and EISANK (2012) and classification 
follows the widely used nested-mean approach 



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

76 

Fig. 57 Schematic summary of the produced object-oriented levels in 
both object-oriented approaches. FS – full scene, CA – compatibility area, 
SP – scale parameter, N – number of objects, Q – quality (Eq. 1). 

(IWAHASHI and PIKE 2007). This approach 
has the simplest procedure and requires minimal 
user interventions. Therefore, its ruleset could be 
adapted relatively easily to other areas, using the 
same input layers. Even though the resulting 
objects contain some imperfections regarding 
the higher segmentation scale, they are in ge-
neral meaningful and provide an alternative per-
ception of the regional-scale morphostructures 
of the Western Carpathians.  

The objects of the final Level 4 (object-
oriented approach B, version 1) are the most de-
tailed, closer to the traditional regions in terms 
of size (424.18 vs. 399.06 km2) and have the 
same number of polygons (69). With compatibi-
lity of 0.596 (in 4-km buffer), not only the lar-
ger, but also the smaller morphostructures in the 
rugged part of the area are well-delineated and 
with low signs of over-segmentation. Similar to 
the object-oriented approach A, there are cases 
where alternative perception of morphostruc-
tures is represented by objects that cover more 
than one traditional region. However, lower and 
plain areas, located mainly outside our study 
area, are highly over-segmented, which was 
caused by relatively low scale of the last seg-
mentation. Nevertheless, it also provided deline-
ation of the smaller sub-regional morphostruc-
tures, so it is not considered as failure. In con-
trast, several wrongly-delineated objects that 
contain parts of positive and negative morpho-
structures, are considered as failure of this ap-

proach and were the reason to adjust our initial 
hypothesis.  

Further, with compatibility of 0.605 (in 4-km 
buffer), the objects of the final Level 5 (object-
oriented approach B, version 2) are also compa-
rable to the traditional regions in terms of num-
ber of polygons and size (66 vs. 69 polygons and 
443.12 vs. 399.06 km2). General appearance, 
size and shape of the objects are similar to the 
final object Level 4, version 1, although there 
are some objects present, which were delineated 
better, in terms of interpretability, there. Yet, 
change in the methodology removed wrong de-
lineation of heterogeneous objects, which were 
included in the version 1. Moreover, since the 
scale of the last segmentation was higher and 
applied to larger and more complex area, plain 
areas are less over-segmented, which is more 
acceptable. To summarise, this approach is more 
complex, thus it would be more difficult to 
transfer to other areas. Except for the need to use 
the same input data, it requires higher computa-
tion time and more interventions and specifica-
tions by user. Still, despite the complexity, the 
processes in this version provided the most 
meaningful results with higher degree of inter-
pretability than the object-oriented approach A 
did.  

Larger and distinct mountains and basins, 
which are surrounded by contrasting terrain, are 
well and consistently recognised in all three ob-
ject levels. This includes mountains (numbers in 
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Fig. 58 Final object-oriented levels (black polylines): Level 3 of object-
oriented approach A (A), Level 4 of object-oriented approach B – v. 1 (B), and 
Level 5 of object-oriented approach B – v. 2 (C). Membership of the Western 
Carpathians is after Minár et al. (2011).  
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the text correspond to the labels in Fig. 59) Ta-
tra (1), Low Tatra (2), Veľká Fatra (3), Malá 
Fatra (4), and less distinct Levočské vrchy (5). 
The small shifts of boundaries compared to the 
traditional regions are acceptable. Merging with 
adjacent smaller mountains caused by presence 
of less distinctive boundaries, as is the case of 
the objects covering Veľká and Malá Fatra Mts. 
is acceptable as their alternative delimitation. 
Examples of basins include Podtatranská kotlina 
(6), Turčianska kotlina (7), Horehronské podolie 
(8), Zvolenská kotlina (9), Žiarska kotlina (10), 
Hornádska kotlina (11), and central part of Po-
važské podolie (12). Some of the objects repre-
senting these basins share similar properties. 
While the marginal, transitional (highland-liked) 
parts of the basins are often merged with the 
adjacent mountains, they are parts of the basins 
in the traditional geomorphological regionalisa-
tion. These examples are more or less the same 
in all three object levels. However, moving to-
wards the marginal parts of the compatibility 
area, where smaller morphostructures are loca-
ted, more differences are found – mainly when 
the object Level 3 is compared to the Level 4 or 
5. For instance, there is relatively high number 
of the traditional regions in the NW and N part, 
which are merged into larger objects in the Le-
vel 3. Although these areas are partitioned into 

smaller objects in the Level 4 or 5, there are still 
relatively many differences compared to the tra-
ditional regions, which apparently depict the 
boundaries here in smaller scale than in the rest 
of the area. These differences can be attributed 
to relatively homogenous terrain in terms of 
roughness. Nevertheless, Chočské vrchy Mts. 
(13) and Oravská kotlina basin (14) are differen-
tiated in the Levels 4 and 5. There is also one 
larger mountainous object in all three levels: it 
is located in the eastern part and covers larger 
part of Volovské vrchy (15), Čierna hora (16), 
Branisko (17), and Bachureň (18). All three ob-
ject levels have pluses and minuses regarding 
their interpretability.  

The object Level 3 can be mostly suitable for 
interpretation of larger morphostructures, the 
Level 4 and 5 for smaller ones. Nevertheless, 
the smallest number of inconsistencies and 
wrongly delineated objects is present in the Le-
vel 5, which will be further compared to the tra-
ditional regions within the Western Carpathians 
s. l. and interpreted in the following chapter. 
However, the combination of the main princi-
ples of both approaches – i.e. partitioning the 
scene into domains with the nested-means ap-
proach and application of variable segmentation 
step sizes – would probably solve most of the 
remaining issues and errors.  

  O-O A O-O B (v1) O-O B (v2) Trad. regions 

Full scene 

Level 3 4 5 - 
SP 221 121 145 - 

Number of objects 377 837 697 - 

Mean area of objects (km2) 1177.39 530.32 636.84 - 

Compatibility area 

Number of objects 49 69 66 69 
Mean area of objects (km2) 605.13 424.18 443.12 399.06 

Mean perimeter of objects (km) 208.36 161.30 167.23 135.65 

Total boundary length (km) 5097.89 5767.64 5722.57 5232.67 

Mean boundary length (km) 31.28 26.95 27.65 27.25 

Buffer width (m) Quality (Eq. 1, optimal value 1) (compatibility with traditional data) 

500 0.137 0.148 0.144 - 

1000 0.238 0.258 0.254 - 

1500 0.319 0.346 0.341 - 
2000 0.384 0.418 0.417 - 
2500 0.435 0.474 0.477 - 
3000 0.477 0.521 0.526 - 
3500 0.514 0.562 0.569 - 
4000 0.546 0.596 0.605 - 

Tab. 10 Compatibility assessment of the final O-O levels against traditional data within 
the Slovak and Czech part of the Western Carpathians s. s. (compatibility area) with their 
statistical values. 
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Fig. 59 Boundar ies of final object-oriented levels (black polylines) within the compatibi-
lity area – Level 3 of object-oriented approach A (A), Level 4 of object-oriented approach B 
– version 1 (B), and Level 5 of object-oriented approach B – version 2 (C) with traditional 
boundaries (white polylines). Numeric labels correspond to the numbers in the text above. 
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A new morphometrical-morphostructural sub-
division of the Western Carpathians is proposed 
in this chapter. Based on the evaluation of all 
the final levels, the Level 5 of the object-
oriented approach B, ver. 2 (further referred to 
as O-O approach) was selected as the most suit-
able. It has not only the highest quantitative 
compatibility with the traditional regions, but 
also better interpretation value (i.e. qualitative 
compatibility) than the other final object level. 

First, all objects interfering into the area co-
vered by the Western Carpathians s. l. were ex-
tracted from the full scene of the final Level 5 – 
236 objects in total (Fig. 60). Then, objects with 
only marginal intersect (i.e. greater part of their 
area is outside the boundary) were removed (53 
objects in total). Thus, the final number of ob-
jects in the proposed subdivision is 183, which 
is comparable to the number of traditional re-
gions of the study area (145 polygons) compiled 
in (MINÁR et al. 2011). Final map of the new 
object-oriented subdivision is attached as sup-
plement 2 (p. 103). Each object was assigned 
mean values of the geomorphometric variables 
elevation, mean difference in elevation to neigh-
bouring objects, slope gradient, and vertical and 
horizontal dissection of terrain. The compatibi-

lity assessment was carried out against the tradi-
tional data in the full area of the Western Carpa-
thians both s. l. and s. s. The results of the com-
patibility assessment, along with mean measures 
of shape of the final object level within the 
Western Carpathians s. l. and s. s. area are in 
Tab 11. The delineated objects together  with 
4000-m buffer around the traditional regions are 
displayed in Fig. 61. 

We can see decrease in compatibility when it 
is computed against the traditional regions with-
in the whole Western Carpathians s. l. and s. s. – 
0.511 and 0.580, respectively. It is probable due 
to the inconsistencies in the traditional regions 
combined from the four countries. However, the 
number of delineated objects as well as their 
size are satisfactory. In the Western Carpathian 
s. s. area, where the inconsistency in the tradi-
tional data is smaller, the difference in number 
and size of objects is negligible (73 vs. 77 poly-
gons and 499.56 vs 452.73 km2). What is inte-
resting, is the similar mean area of the delinea-
ted objects within the Western Carpathians s. l. 
and s. s. – 499.01 vs. 499.56 km2. On the contra-
ry, the difference is much larger for the tradi-
tional data – 610.86 vs. 452.73 km2. This con-
firms that although the scale of our segmenta-

5.3 PROPOSAL OF THE NEW SEMI-AUTOMATED OBJECT-ORIENTED 
MORPHOMETRICAL-MORPHOSTRUCTURAL SUBDIVISION OF 
THE WESTERN CARPATHIANS 

Fig. 60 Intersect of objects from the object-oriented approach 
with the expert Western Carpathian s. l. boundary. 
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tions was decreasing, it reached relatively ho-
mogeneous level of detail in the whole area, 
while the scale of the traditional data varies.  

 Some of the mountains and intramontane 
basins within our study area are distinct mor-
phological individuals, which are generally well 
and consistently represented by our objects, 
when compared to their respective traditional 
regions. However, majority of them have fuzzy 
transition towards their surroundings, and thus 
manual delineation of their boundaries was also 
affected by other than morphological criteria – 
lithology or geomorphological development. 
Such individuals have smaller chance to be re-
cognised by segmentation. Within the whole 
Western Carpathians s. l., several cases were 
identified where the consistency of the delinea-
ted objects and the traditional regions is conve-
nient, but also cases with only partial or even 
inconvenient consistency are present. Some of 
the boundaries follow lower order of geomor-
phological sub-regions. The examples of identi-
fied elevated (mountains) and depressed (basins) 
morphostructural objects are listed in Tab. 12 
and Tab. 13, respectively. Some of them are also 
visualised in Fig. 62 and Fig. 63, respectively. 

 Some traditional regions have one-object 
equivalent in our segmentation (e.g. Tatra and 
Levočské vrchy Mts. or Turčianska kotlina and 

Hornádska kotlina basin), but some of them are 
represented by more than one object (e.g. Low 
Tatra and Biele Karpaty Mts. or Podtatranská 
kotlina and Košická kotlina basin), or vice ver-
sa. In general, higher number of basins than of 
mountains is recognised as one object. The ca-
ses when a delineated object covers more than 
one traditional region are not taken as shortcom-
ings of our approach. There are two aspects of 
degree of distinctness of morphostructural fea-
tures: morphological individuality and general 
differentiation between elevations and depres-
sions. Some features can be distinct in both as-
pects but some of them only in one. Thus, if one 
delineated object covers more than one tradi-
tional region, it points to the morphological am-
biguity of the traditional boundaries.  

Next, there are cases, where one traditional 
region is divided into several segmented objects. 
It means that the segmentation recorded lower 
hierarchical level than the level of manual deli-
neation. However, most of such cases corre-
spond with the lower order of the traditional 
geomorphological sub-regions, which points to 
inconsistencies in manual mapping. The pre-
sence of boundaries of geomorphological sub-
regions in our segmentation also supports the 
statement about inconsistencies in manual map-
ping. Smaller inconsistencies in boundaries can 

  
Western Carpathian area 

sensu lato sensu stricto 

Level O-O approach Trad. regions O-O approach Trad. regions 

Number of objects 183 145 73 77 

Mean area of objects (km2) 499.01 610.86 499.56 452.73 

Mean perimeter (km) 169.42 142.46 177.25 127.67 

Total boundary length (km) 17247.28 11468.39 7468.40 5726.47 

Mean boundary length (km) 31.53 24.56 34.42 23.28 

Buffer width (m) Quality (optimal value 1) (compatibility with traditional data) 

500 0.083 - 0.105 - 

1000 0.169 - 0.212 - 

1500 0.247 - 0.308 - 

2000 0.315 - 0.385 - 

2500 0.374 - 0.448 - 

3000 0.426 - 0.498 - 

3500 0.471 - 0.542 - 

4000 0.511 - 0.580 - 

Tab. 11 Compatibility assessment of the object-oriented level against traditional data within 
the Western Carpathians s. l. and s. s. 
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also be attributed to subjective decisions of au-
thors during manual regionalisation (simplifyca-
tion or complication of some boundaries based 
on expert knowledge). This is naturally not co-
vered by DEM. 

Tatra Mts. (Fig. 62A), as the most distinct 
morphostructural feature in our study area, were 
recognised quite well by the segmentation. Mer-
ging with its southern moraine foreland is ques-
tionable though, as it is allocated to the adjacent 
Podtatranská kotlina basin (Tatranské predhorie 
foreland sub-region) in the traditional regionali-
sation. However, such alternative delineation is 
convenient according to the terrain morphology 
of the foreland. The W marginal part of Le-
vočské vrchy Mts. (Levočská vrchovina high-
land sub-region) (Fig. 62H) is merged with the 
adjacent Podtatranská kotlina basin, while the 
traditional region shows the opposite. Although 
the eastern part of Tribeč Mts. (Rázdiel sub-
region) (Fig. 62E) was cut off by the segmenta-
tion, it is well-delineated. Morphologically and 
geologically distinct Slanské and Zemplínske 
vrchy Mts. (Fig. 62F) were also delineated as 
one object, though with boundary shift. The 
southern part of Slanské vrchy Mts. (Milič sub-
region) was allocated to the object of Zemplíns-
ke vrchy Mts. Štiavnické vrchy Mts. and Kru-
pinská planina (Fig. 62M) were also relatively 
well-delineated as one object. The object repre-
senting Kozie chrbty Mts. (Fig. 62B) has inte-

resting boundaries: the extent of the correspond-
ding traditional region was enlarged to the north 
and south and covers the lower part of adjacent 
Low Tatra Mts. as well as the highest central 
part of Podtatranská kotlina basin. Next, there 
are objects that cover more than one traditional 
region. The first one (Fig. 62C) covers Malá 
Fatra Mts. and Žiar Mts., as there is not very 
distinct morphological boundary between them. 
Another object (Fig. 62D) is similar: Veľká 
Fatra Mts., Starohorské vrchy Mts. and prevai-
ling part of Kremnické vrchy Mts. are merged. 
The western boundary between lithologically 
similar Veľká Fatra Mts. and Low Tatra Mts. 
represented by deep valley was recognised only 
partially. On the other hand, boundaries of 
Veľká Fatra Mts. to the Malá Fatra Mts., 
Oravská vrchovina highland and Chočské vrchy 
Mts. were delineated very well. Similar situation 
is with the boundary between Považský Inovec 
Mts. and Strážovské vrchy Mts. (Fig. 62K), 
which was not recognised at all by segmenta-
tion. These mountains are connected by one ob-
ject, whose boundaries are, however, accordant 
to the sub-regions of Inovecké predhorie fore-
land and Trenčianska vrchovina highland. The 
larger object in Fig. 62N covers even four tradi-
tional regions: Bachureň Mts., Branisko Mts., 
Čierna hora Mts., and Volovské vrchy Mts. 
Even though it might look like an error, this ob-
ject shows distinction from its neighbours (it 

Fig. 61 Objects of the object-oriented level (black polylines) within the 
Western Carpathians s. l. with buffer of 4000 m around the traditional re-
gions s. l. (blue polygons) and s. s. (orange polygons). 
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Level O-O approach Traditional regions 

No. N 
Area 
(km2) 

Mean elev. 
(m a.s.l.) 

N Name 
Area 
(km2) 

Mean elev. 
(m a.s.l.) 

1 2 1564.70 781.77 4 
 Bachureň / Branisko / Čierna hora / 

Volovské vrchy 
1806.36 658.25 

2 3 2285.09 521.17 1 Beskid Niski 2267.27 539.92 
3 2 1388.92 441.88 1 Biele Karpaty 1253.15 475.54 
4 1 418.22 536.05 1 Bükk 489.53 495.96 

5 1 1304.24 669.35 2 Čergov / Ľubovnianska vrchovina 1199.92 712.71 

6 1 287.63 911.42 2 Chočské vrchy / Skorušínske vrchy 309.95 882.04 
7 1 240.45 183.61 1 Chvojnícka pahorkatina 368.91 235.83 
8 1 431.71 629.02 2 Javorie / Ostrôžky 479.45 586.35 

9 1 1304.24 669.35 1 coarse approximation of Kozie chrbty 168.90 874.45 

10 1 597.97 430.22 1 Krupínska planina 853.63 416.04 
11 2 783.69 608.35 2 Kysucké Beskydy / Oravské Beskydy 566.54 779.02 
12 1 415.34 378.08 1 Laborecká vrchovina 165.71 387.23 
13 1 449.08 872.86 1 Levočské vrchy 625.81 835.28 

14 2 1010.60 511.63 1 Makovské Beskydy 637.67 509.77 

15 1 979.32 794.34 2 Malá Fatra / Žiar 695.18 617.37 
16 3 831.57 298.95 1 Malé Karpaty 893.83 355.61 
17 2 786.89 338.89 1 Mátra 568.23 394.00 

18 2 902.11 1213.56 1 Low Tatra 1260.07 1126.97 

19 2 1875.94 347.23 1 Ondavská vrchovina 1839.02 334.75 
20 1 294.73 627.61 1 Oravská vrchovina 279.72 644.46 

21 2 730.36 603.82 2 Pieniny / Spišská Magura 573.42 730.54 

22 13 6053.32 186.19 1 Podunajská pahorkatina 6403.53 176.78 
23 1 710.60 595.99 2 Pohronský Inovec / Vtáčnik 498.53 587.33 
24 1 778.32 832.02 2 Poľana / Veporské vrchy 1053.69 858.12 

25 3 1395.83 460.97 2 Považský Inovec / Strážovské vrchy 1382.52 488.14 

26 4 1421.41 418.82 2 Revúcka vrchovina / Rožňavská kotlina 1040.49 387.23 
27 1 421.40 566.82 1 Slanské vrchy 619.69 514.75 
28 1 493.02 672.28 1 Sliezske Beskydy 501.59 666.95 
29 1 523.48 395.73 1 Slovenský kras 590.02 453.95 
30 1 571.84 877.19 1 Spišsko-gemerský kras 351.53 890.85 

31 1 1434.36 876.75 2 
Kremnické vrchy / Starohorské vrchy / 

Veľká Fatra 
1452.00 789.71 

32 2 656.28 757.78 1 Stolické vrchy 607.11 688.09 
33 1 750.36 522.17 1 Štiavnické vrchy 856.20 492.92 
34 1 808.30 1455.24 1 Tatras 736.45 1477.84 
35 1 603.82 403.21 1 Zemplínske vrchy 664.66 339.99 
36 1 475.01 339.87 1 Tribeč 496.36 402.82 
37 3 1236.19 324.30 1 Vizovická vrchovina 1415.02 341.43 

Tab. 12 Compar ison of selected delineated objects representing mountains with the 
respective traditional regions. 
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was selected as individual in the process) and 
the morphological boundaries the regions are 
ambiguous; as a result, the segmentation failed 
to recognise them. Further, there are traditional 
regions that were delineated by segmentation 
with more than one object. For instance, Low 
Tatra Mts. (Fig. 62B), Biele Karpaty Mts. 
(Fig. 62G), and Stolické vrchy Mts. (Fig. 62I) 
are divided into two objects. However, their 
boundaries are relatively consistent with the tra-
ditional regions. For example, the SW boundary 
of Stolické vrchy Mts. clearly corresponds with 
one of the most morphologically distinct fault 
systems – the Muráň fault line. Its subdivision 
even separated its highest part – Stolica sub-
region. Although the outer boundary of Malé 
Karpaty Mts. (Fig. 62L) is delineated relatively 
well by segmentation, it is represented by three 
objects. It is caused by our approach: its core 
area was removed as a distinct individual, and 
the shape of its marginal parts was influenced 
by the boundaries of the residual domain. Ho-
wever, its inner boundaries again correspond 
with the sub-regions – Devínske Karpaty in the 
south and Brezovské Karpaty in the north. As 
expected, the prevailing lithological boundaries 
of Slovenský kras Mts. (Fig. 62O) were recogni

-sed by the segmentation only partially. In fact, 
delineation of this region can be considered as 
failure of our approach. The last example, Podu-
najská pahorkatina highland (Fig. 62J), is repre-
sented by 13 objects in segmentation. Although 
it has relatively homogeneous terrain, it is inter-
nally dissected, and thus was divided by the last 
segmentation (again, its internal boundaries at 
least partially correspond with the boundaries of 
its sub-regions). Such behaviour can be excep-
ted when the same segmentation scale that is 
intended for recognition of smaller morpho-
structures is applied on homogeneous terrain.  

As a rule, boundaries of distinct basins are 
well-recognised by the segmentation. Most of 
them is represented by one or two objects. Pro-
bably the highest consistency with the traditio-
nal boundaries was achieved in Turčianska ko-
tlina basin (Fig. 63D); small shift of boundaries 
is acceptable. Another distinct basin – Žiarska 
kotlina basin (Fig. 63F) – was also recognised 
well by one object. Although merging with the 
spur of the Hron river is not present in the tradi-
tional region, it can be found in similar way in 
the earlier regionalisation made by HROMÁD-
KA (1943). Horehronské podolie basin and part 
of Zvolenská kotlina basin (Fig. 63E) were also 

Level O-O approach Traditional regions 

No. N 
Area 
(km2) 

Mean elev. 
(m a.s.l.) 

N Name 
Area 
(km2) 

Mean elev. 
(m a.s.l.) 

1 2 1976.08 178.78 1 Borská Nížina 1677.95 174.91 

2 5 2456.24 187.48 1 Dolnomoravský úval 2437.35 201.10 

3 1 496.44 554.93 1 Horehronské podolie 307.28 637.54 

4 1 546.98 551.97 1 Hornádska kotlina 483.96 537.73 

5 1 507.26 326.61 1 
Hornonitrianska 

kotlina 371.64 428.91 

6 6 2828.58 218.21 1 Juhoslovenská kotlina 2631.34 216.93 

7 3 801.50 250.71 1 Košická kotlina 1158.68 260.51 

8 1 559.65 656.95 1 
Oravsko-Novotargská 

kotlina 647.62 661.73 

9 1 311.76 462.69 1 Pliešovská kotlina 106.21 425.05 

10 2 1202.31 707.06 1 Podtatranská kotlina 1219.32 750.19 

11 2 951.75 330.43 3 
Považské podolie / 
Súľovské vrchy / 
Žilinská kotlina 

1014.25 410.06 

12 1 168.86 552.51 1 Rabčianska kotlina 131.47 531.19 

13 1 327.70 385.79 1 Sončská kotlina 239.07 356.87 

14 2 395.96 530.60 1 
Spišsko-šarišské 

medzihorie 528.85 509.98 

15 1 408.36 484.09 1 Turčianska kotlina 448.44 483.29 

16 1 465.59 434.29 1 Zvolenská kotlina 629.31 458.38 

17 1 170.05 298.28 1 Žiarska kotlina 135.04 309.59 

18 1 88.86 397.88 1 Živiecka kotlina 291.04 436.18 

Tab. 13 Comparison of selected delineated objects representing basins with the respective 
traditional regions. 
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Fig. 62 Examples of elevated morphostructural individuals (mountains) with 
respective traditional regions: Tatra (A), Low Tatra (1B) and Kozie chrbty (2B), Ma-
lá Fatra (1C)/Žiar (2C), Veľká Fatra (1D)/Starohorské vrchy (2D)/Kremnické vrchy 
(3D), Tribeč (E), Slanské vrchy (1F) and Zemplínske vrchy (2F), Biele Karpaty (G), 
Levočské vrchy (H), Stolické vrchy (I), Podunajská pahorkatina (J), Považský Inovec 
(1K) and Strážovské vrchy (2K), Malé Karpaty (L), Štiavnické vrchy (1M) and 
Krupinská planina (2M), Bachureň (1N) / Branisko (2N)/Čierna hora (3N)/Volovské 
vrchy (4N), and Slovenský kras (O). 



Peter Bandura, Jozef Minár, Lucian Drăguţ                                 GEOMORPHOLOGIA SLOVACA ET BOHEMICA 1/2019 

86 

recognised as one object by segmentation, but it 
can be perceived as a shift of their boundary 
towards the lower areas in the south, where it 
follows the boundary of the geomorphological 
sub-regions (between Bystrická and Zvolenská 
pahorkatina highland). Honitrianska kotlina ba-
sin (Fig. 63F), Hornádska kotlina basin (Fig. 
63H), Oravsko-novotargská, Račianska and 
Sončská kotlina basin (Fig. 63K) were also re-
cognised as one object, though with several 
smaller or larger mismatches. Podtatranská kot-
lina basin (Fig. 63A) was divided into two ob-

jects by the segmentation. Its relatively higher 
central part was allocated to the object cove- 
ring Kozie chrbty Mts. (Fig. 63B). Similar situa-
tion encountered Spišsko-Šarišské medzihorie, 
which was divided into higher and lower part. 
Mismatches with the traditional boundaries are 
most evident in Považské podolie basin and 
Žilinská kotlina basin (Fig. 63B). The northern 
part of Považské podolie – Podmanínska pahor-
katina highland and Bytčianska kotlina basin – 
is merged with the object of Žilinská kotlina and 
its marginal part – Bielokarpatské predpolie 

Fig. 63 Examples of depressed morphostructural individuals (basins) with respective 
traditional regions. Podtatranská kotlina (A), Považské podolie (1B), Žilinská kotlina (2B) 
and Súľovské vrchy Mts. (3B), Košická kotlina (C), Turčianska kotlina (D), Horehronské 
podolie (1E) and Zvolenská kotlina (2E), Horno-nitrianska (1F), Žiarska (2F) and 
Pliešovská kotlina (3F), Juhoslovenská kotlina (G), Spišsko-Šarišské medzihorie (1H) and 
Hornádska kotlina (2H), Rožňavská kotlina (I), Dolno-moravský úval (1J) and Borská 
nížina (2J) and Oravsko-novotargská (1K), Rabčianska (2K) and Sončská kotlina (3K).  
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foreland – is merged with the object of Biele 
Karpaty Mts. On the contrary, the lower part of 
Javorníky Mts. – Nízke Javorníky – is partially 
merged with the object of Žilinská kotlina basin. 
The morphosculptures of Súľovské vrchy Mts. 
surrounded by Žilinská kotlina basin are not rec-
ognised by segmentation, as the object was re-
moved as individual in the process and presuma-
bly lower segmentation scale would be needed 
for its correct delineation. Rožňavská kotlina 
(Fig. 63I), which was also not delineated at 
all, shares the same properties. Its delineation 
was achieved in the version 1 of the object-
oriented approach B, where more detailed scale 
was applied in the last segmentation. The object 
of Pliešovká kotlina (Fig. 63F) covers also tran-
sitional parts of the adjacent Kremnické vrchy 
Mts. (Jastrabská vrchovina sub-region). Recog-
nition of larger basins and plains as one object is 
more difficult for segmentation. The boundaries 
of Košická kotlina (Fig. 63C) are less compati-
ble with the traditional region: its object does 
not contain spurs of the basin into the adjacent 
mountains and it is split into three objects fol-
lowing the boundaries of its inner sub-regions 
(Košická rovina plain, Medzevská and Toryská 
parorkatina highland). Similar to Podunajská 
pahorkatina highland, the subdivision of Juho-
slovenská kotlina (Fig. 63G) and Dolnomoravs-
ký úval (Fig. 63J) into several smaller objects by 
segmentation presumably points to the incon-
sistencies in the hierarchy at the level of geo-
morphological regions, since all these examples 
are further structured into smaller parts at the 
level of sub-regions. 

Delineated objects are characterised by the 
selected geomorphometric variables in Tab. 14 
for the Western Carpathians both s. l. and s. s., 
their respective visualisations are in Fig. 64 - 68. 
Mean and SD values of the selected variables 
differ when polygons within the Western Carpa-
thians s. l. and s. s. are compared. However, the 

difference between traditional and object-
oriented objects in both areas is not significant. 
Mean values of elevation are higher for the ob-
ject-oriented objects, while mean slope gradient 
and both terrain dissections are higher for the 
traditional regions. Bigger difference is in va-
lues of mean difference to the neighbouring ob-
jects, which represent differentiation between 
elevated and depressed morphostructural featu-
res. These differences are caused by larger num-
ber of objects in the object-oriented level. 

To achieve better visualisation of the classifi-
cation of the delineated objects based on mean 
values of the geomorphometric variables, we 
first divided them into positive and negative 
morphostructural individuals. There are two ver-
sions of the classification based on mean dif-
ference to neighbouring objects in elevation 
(Fig. 63). Fir st, the same classification as in 
the object-oriented process itself was used. The 
morphometrical-morphostructural individuals of 
various degrees (threshold of > ±3, 2 and 1SD 
from mean values) were recognised in Fig. 64A. 
Altogether, only 46 out of 183 objects were 
classified as distinct individuals (27 positive and 
19 negative). To better describe affinity of the 
delineated objects to elevation or depression, 
limiting value of ± 0.3SD from the mean value 
was set (40.34 m) (Fig. 64B). Altogether, 57 
elevations, 80 depression (137 in total) and 46 
transitional individuals were recognised. Using 
lower limiting value provided more meaningful 
division into elevations and depressions, with 
much lower number of ambiguous objects. The 
delineated objects within the Western Carpathi-
ans s. l. divided into elevations, depressions, and 
transitional areas are characterised by the selec-
ted geomorphometric variables in Tab. 15. The 
classification based on mean values of elevation 
(Fig. 65), with transitional areas excluded for  
better visualisation, clearly points to the grada-
tional structure of the Western Carpathians, as 

Western  
Carpathian area 

Level N 

Mean elevation 
(m a.s.l.) 

Mean slope 
(°) 

Mean vertical 
dissection (m) 

Mean hori-
zontal dissec-

tion (km-1) 

Mean MD in ele-
vation (m) 

Mean SD Mean SD Mean SD Mean SD Mean SD 

Sensu  lato 
O-O 183 396.72 234.06 6.71 4.23 35.46 22.96 1.18 0.33 -0.15 134.45 

Trad. r. 145 468.32 239.61 8.08 4.38 42.62 23.51 1.29 0.32 20.51 154.78 

sensu stricto 
O-O 73 601.91 231.93 9.99 4.12 53.41 22.78 1.44 0.24 15.01 186.43 

Trad. r. 77 638.06 202.32 10.67 4.16 56.82 22.27 1.49 0.22 38.65 191.52 

Tab. 14 Mean values of selected geomorphometr ic var iables of both final object level and tra-
ditional data within the Western Carpathians s. l. and s. s. 
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well as to the concentric clustering of the ob-
jects towards its central and highest part (Tatra 
Mts.), i.e. it depicts similar pattern as the mor-
phostructural subdivision of MINÁR et al. 
(2011). The classification based on mean values 
of slope gradient (Fig. 66) shows the pattern of 
the inner mosaic of mountains and intramontane 
basins, i.e. it has character of so-called intra-
montane basin region (MAZÚR 1965). Besides, 
internal differentiation of mountains and basins 
is also visible in classification based on both 
vertical and horizontal dissections of terrain 
(Fig. 67 and  Fig. 68). 

Furthermore, one partial result of the pro-
posed new subdivision of the Western Carpa-

thians is the adjustment of its boundaries – in 
both s. l. and s. s. manner. Their course was ob-
tained by merging of all objects that dominantly 
interfere with their expert-made equivalent. The 
results of their compatibility assessment with 
buffer widths up to 10 km (with increment of 
2000  m) are presented in Tab. 16. Both variants 
of boundaries reached high degree of compati-
bility – 0.731 in s. l. and 0.762 in s. s. manner 
(buffer of 10 km). Visual comparison in Fig. 69 
shows only small inconsistencies, which can be 
mainly attributed to different perception of mar-
ginal morphostructures and not entirely to errors 
in the proposed approach.  

 

Fig. 64 Classification of the object-oriented level into positive and negative 
morphometrical-morphostructural individuals of various degrees (A), and 
into elevated, depressed and transitional morphometrical-morphostructural 
objects (B) with limiting value of ± 0.3SD from the mean value. 
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Fig. 65 Classification of the delineated objects into elevations and depressions 
(see Fig. 64) based on the average values of elevation per object. Class intervals 
represent multiplied values of its SD from the mean.  

 Morphostructural 
individuals 

N 

Mean elevation        
(m a.s.l.) 

Mean slope (°) 
Mean vertical 
dissection (m) 

Mean horizontal 
dissection (km) 

Mean SD Mean SD Mean SD Mean SD 

negative 80 336.24 179.93 4.89 2.96 26.01 15.36 1.08 0.30 

transitional 46 277.51 110.37 4.75 2.18 24.36 11.42 1.05 0.26 

positive 57 577.79 266.88 10.84 4.06 57.68 23.20 1.41 0.29 

Tab. 15 Mean values of selected geomorphometr ic var iables separately for  elevated, de-
pressed, and transitional objects of the object-oriented object level within the Western Carpa-
thians s. l.   
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Fig. 66 Classification of the delineated objects based on the average 
values of slope gradient per object. Class intervals represent multiplied val-
ues of its SD from the mean.  

Fig. 67 Classification of the delineated objects based on the average 
values of vertical dissection of terrain per object. Class intervals represent 
multiplied values of its SD from the mean. 
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Fig. 68 Classification of the delineated objects based on the average values of hor i-
zontal dissection of terrain per object. Class intervals re-present multiplied values of its 
SD from the mean. 

Boundary 
sensu lato sensu stricto 

Object-oriented Expert-made Object-oriented Expert-made 

Area of polygon (km2) 91318.70 88789.20 36467.90 31800.41 

Boundary length (km) 3490.56 3324.79 1997.76 2364.47 

Buffer width (m) Quality (optimal value 1) (compatibility with exper t boundary) 

2000 0.316 - 0.403 - 

4000 0.476 - 0.539 - 

6000 0.581 - 0.621 - 

8000 0.659 - 0.694 - 

10000 0.731 - 0.762 - 

12000 0.781 - 0.824 - 

14000 0.821 - 0.884 - 

16000 0.855 - 0.923 - 

18000 0.883 - 0.952 - 

20000 0.901 - 0.964 - 

Tab. 16 Compatibility assessment of the boundaries of the Western Carpathians s. l. and 
s. s. resulting from the object-oriented level against respective expert-made boundaries. 
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Fig. 69 Boundar ies of the Western Carpathians s. l. and s. s. resulting from the 
object-oriented level with buffer of 10 km around expert boundaries. 
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We successfully applied means of OBIA for 
recognition of the basic morphostructures within 
the Western Carpathian area. Therefore, the 
main aim of this work – to develop a semi-auto-
mated method for delineation of the objects re-
presenting morphometric-morphostructural in-
dividuals (or third-order morphostructural sub-
division) of the Western Carpathians in a rela-
tively objective manner using OBIA based on 
DEM and its derivatives at the target scale of 
1:500  000 – was fulfilled satisfactorily.  

 According to the presented results, tools of 
OBIA were evaluated as efficient and utilisable 
for land-surface segmentation focused on subse-
quent morphostructural interpretation of the de-
lineated objects, when appropriate input data are 
used. We proved that the selection of the right 
input data is crucial for successful terrain re-
gionalisation. The individuality of morphostruc-
tural regions is primarily described by their al-
titudes and roughness. Geomorphometric varia-
bles such as slope gradient and vertical dissec-
tion of terrain (both pertinent to topographic 
roughness), together with elevation (altitudinal 
difference is the typical sign of block structures) 
proved to be the most suitable variables for de-
limitation of morphostructures. By combination 
of the slope gradient and vertical dissection la-
yer, most of the terrain discontinuities differen-
tiating elevated and depressed morphostructures 
were captured. Adding the elevation layer, not 
only discontinuities represented by potential tec-
tonic boundaries (given by morpholineaments) 
were added into segmentation, but also partial 
differentiation of morphostructures was achie-
ved, as it reflects the intensity of vertical tecton-
ic movements. On the contrary, use of hori-
zontal dissection of terrain, which should descri-
be the density of waves in roughness, failed to 
produce meaningful objects.   

 Relatively satisfactory results (with compati-
bility of ca. 50 % against the traditional regions) 
can be achieved using solely the already exis-

ting, automated and easy-to-use tool for objec-
tive object-based segmentation – the ESP 2 tool. 
However, it has its limitations when applied on 
a task as specific as ours. The most important 
shortcoming is the issue of over- and under-
segmentation, when the segmentation scale is 
applied globally on large area with highly con-
trasting topography: globally-set segmentation 
with higher value of SP delineated distinct areas 
(i.e. contrasting mountains or basins) well but 
merged less contrasting areas into larger objects, 
and vice versa. It is due to the fact that even 
though the larger individuals are distinctly 
bounded towards their neighbourhood (high de-
gree of external homogeneity), they can show 
high degree of internal heterogeneity. Thus, if a 
large and distinct individual, such as Tatra Mts., 
is well delineated as single homogeneous object 
(i.e. higher SP), the segmentation is then forced 
to merge smaller and less distinct individuals 
with adjacent areas to larger objects, to preserve 
the global homogeneity level dictated by objects 
of Tatras. On the other hand, if less distinct indi-
viduals are well delineated as single objects (i.e. 
lower SP), the segmentation tends to undeser-
vingly partition the more distinct individuals 
into smaller parts to maintain the level of homo-
geneity dictated by them. Thus, to successfully 
delineate features with various size, shape and 
homogeneity properties, being the case of our 
study area, several hierarchically-structured seg-
mentations different in level of detail should be 
used. Moreover, it is not only the great variabi-
lity of input layers, which plays role in the seg-
mentation. It is also the extent of the study area, 
which must be considered, as also the varia-
bility of input layers across the full scene inter-
fere to the segmentation process. 

 We addressed these issues by leaving the 
simple object-based methodology and progress-
sed to development of complex object-oriented 
workflow. In definition of the most suitable area 
extent for segmentation of the Western Carpa-
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thian area, we targeted for the extent, in which 
its core area is delineated approximately as a 
single object. We achieved such delineation 
with compatibility of ca. 70 % against the expert
-made boundary. Next, two general processes – 
repetitive iterative segmentation and classifica-
tion – were employed in the workflow. First, to 
remove the shortcoming caused by fixed seg-
mentation scale, we developed a concept of re-
current scale optimisation by systematic de-
creasing the degree of its determination in the 
top-down manner, which is controlled by seg-
mentation step size in the ESP tool. Second, a 
condition for selection (and removal from the 
remaining scene) of distinct individuals based 
on their mean difference in elevation to neigh-
bouring objects was used as classification in the 
process. Such removal proved to be important 
when delineation of features variable in size and 
homogeneity degree is targeted. Altogether, two 
conceptually different semi-automated object-
oriented approaches were developed. 

 First of them (object-oriented approach A) 
was inspired by the work of DRĂGUŢ and EI-
SANK (2012), to which the two processes were 
adjusted: they were complemented with parti-
tioning of the scene into High and Low domain 
based on the mean elevation of all objects, 
which showed to be efficient for the segmenta-
tion. Three hierarchically-structured object le-
vels were created, employing three segmenta-
tions with fixed decreasing step size (100 and 
10) and one removal of individuals, amplified 
with object refining at the end. The issue of un-
der-segmentation was solved only partially, 
which we attributed to the relatively high step 
size of the last segmentation; to recognise even 
the sub-regional features present in our study 
area it needed to be set lower than 10. Neverthe-
less, this approach produced generally well-
delineated objects representing larger regional 
features with compatibility of ca. 55 % against 
the traditional geomorphological regions. Due to 
simplicity of this approach and minimal require-
ments for user´s interventions, its process could 
be easily adapted to other areas.  

Second object-oriented approach, named B, 
was thus targeted to objectively determine both 
segmentation step size and condition value for 
selection of individuals variably (decreasing) 
based on assumption that if iterative segmenta-
tion still picks almost the same objects repeated-
ly with different step size, it means that it is the 
most suitable segmentation level within this sce-
ne. Initial assessment of our hypothesis led to 
the development of version 1 of this approach. 
Based on its results, our initial hypothesis had to 
be modified: the condition for selection of indi-

viduals should not be lower than 2SDs to the 
both (positive and negative) sides from the mean 
value.  

Therefore, in the version 2 of the object-
oriented approach B, five hierarchically-structu-
red object levels were created in top-down man-
ner, employing five segmentations with decreas-
ing level of scale (step size 15, 9, 5, 5 and 4), 
one selection of individuals with the threshold 
of 3SDs and four selections with the threshold 
of 2SDs. As a result, the final object level con-
tains five different levels of detail, where not 
only regional, but also the sub-regional features 
were delineated, with compatibility of ca. 60 % 
against the traditional geomorphological re-
gions. This approach is more complex, and thus 
its adaptation to other areas would be more de-
manding – the computation time is longer and 
more interventions by user are required. Never-
theless, this approach verified our initial hypoth-
eses and produced the most meaningful results 
with higher degree of interpretability than the 
results of the approach A. However, combina-
tion of variable segmentation step size used here 
and partitioning the scene into domains, as in 
the approach A, would probably lead to even 
better outcomes. 

All in all, the final object Level 5 of the ob-
ject-oriented approach B, version 2 was pro-
posed as the new semi-automated object-orien-
ted morphometrical-morphostructural subdivi-
sion of the Western Carpathians s. l. In compari-
son to the traditional geomorphological regions 
within the whole Western Carpathians s. l. it 
shows slightly higher number of objects (183 vs. 
145) with compatibility of ca. 51 %. The de-
creese of compatibility when compared with the 
value in the Czech and Slovak part of the area 
(ca. 60 %) is attributed to inconsistency in the 
traditional data across countries. Nevertheless, 
there are still some objects whose boundaries 
are not statistically compatible with the tradi-
tional geomorphological regions (ca. 40 %); 
they are not considered as failure of the pro-
posed approach though, since most of them still 
have a morphostructural meaning either in terms 
of their alternative interpretation or as more- or 
less-detailed substitution. Moreover, these in-
consistencies can also be attributed to several 
uncertainties present in the traditional regions, 
which cannot be dealt with algorithmically, e.g. 
boundaries that do not follow the obvious mor-
phological contrast and can only be subjects of 
human interpretation. Next, several boundaries 
of the traditional regions were drawn based on 
lithological differences, which are mostly not 
reflected as a distinct morphologic discontinui-
ty, and thus are not represented in DEMs. Fur-
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ther, experts use different levels of detail during 
manual mapping (based on their personal expe-
rience and knowledge of the area as well as the 
scale of map used during regionalisation), while 
in segmentation a constant scale is applied to the 
whole area, although we applied it variably in 
systematically smaller domains. We pointed to 
some cases of hierarchical inconsistencies in 
traditional regions, i.e. when larger traditional 
regions are covered by multiple objects and vice 
versa, in our comparison. If a single traditional 
region is clearly and meaningfully divided by 
our approach into several smaller parts at the 
scale needed for recognition of smaller regions 
present in the traditional data, it is clearly a col-
lision between different hierarchical levels of 
both datasets. 

To conclude, we successfully combined se-
veral segmentations and classifications with ob-
jective determination of the appropriate segmen-
tation scales for delineation of morphostructu-
res of various size and properties. This way we 
solved issue of over- and under-segmentation 
when segmentation is applied on terrain with 
highly contrasting topography. Therefore, the 

main contribution of this work lies in the deve-
lopment of the semi-automated object-oriented 
methodology for morphostructural segmentation 
and in proposing the morphometrical-morpho-
structural subdivision of the Western Carpathi-
ans s. l. uniformly for the first time. Our subdi-
vision can be used as a more objective alterna-
tive for the traditional, expert-made geomorpho-
logical regionalizations, with strongly reduced 
influence of various input layers, varying level 
of expert knowledge and punctuality, and sub-
jective decisions of authors. Thus, we believe 
that our results could valuably contribute to the 
ongoing discussion about the update of geomor-
phological regionalisation of Slovakia as alter-
native perception of morphostructures in our 
area. If so, it would be an additional value of 
this research, since primary use of our results is 
intended for further morphostructural research 
of the Western Carpathian area conducted at our 
department. Undoubtedly, further research could 
improve the proposed methodology, and testing 
of its transferability to other areas could lead to 
better verification of our hypotheses. 
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