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Abstract: In this paper, a model has been created for the automated generation of DTM (Digital Terrain Models) using a hybrid data structure based on LiDAR (Light 
Detection and Ranging) data. The automated process facilitates the creation and implementation of both simplified and complex DTMs using hybrid data structure. The 
classification of terrain into various classes is achieved through the application of the slope parameter. This model can be applied to the entire area or a specific area of 
interest by loading the boundaries and offers the optional capability to implement structural terrain lines in the form of watersheds. The proposed model addresses the 
challenge of generating DTMs in rapidly changing terrain and areas with complex landscapes, providing solutions to enhance DTM generation performance. Alongside the 
hybrid DTM structure, the developed model introduces a hierarchical grid with three different spatial resolutions, allowing users to adjust them based on specific requirements. 
The model is designed to adapt to the terrain, creating a hybrid data structure that combines the benefits of the GRID and TIN (Triangulated Irregular Network) approaches. 
The development and implementation of the model were carried out in ModelBuilder, within the ArcMap software environment. 
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1 INTRODUCTION 
 

The initial development of Digital Terrain Models 
(DTMs) took place at the Massachusetts Institute of 
Technology Laboratory [1]. Their primary objective was to 
establish a connection with reality and represent the spatial 
distribution of land features through digital maps using 
numerical data. Today, there are various procedures and 
methods for collecting geodata. Advancements in 
technology have introduced modern data collection 
techniques such as digital photogrammetry and laser 
scanning. Additionally, powerful software solutions have 
emerged to facilitate data processing and digital terrain 
modeling. DTMs serve the purpose of transforming 
collected information into modeled data that reflects 
different features, enabling various analyses in diverse 
applications. While different authors may define DTMs in 
varying ways, they essentially represent a collection of 
points in 3D space with accompanying geoinformation. 
These models can be utilized to represent elevation and can 
be displayed virtually in different formats or spatial 
representations. 

The generation of Digital Terrain Models (DTMs) 
commonly involves two widely used structures: Triangle 
Irregular Networks (TIN) and regular Grid shapes. 
However, relying solely on TIN or Grid structures may be 
insufficient unless seam lines are introduced to enhance 
their adaptation to reality [2]. Creating a hybrid DTM 
combines the advantages of both approaches, providing 
more favorable conditions for the representation and 
analysis of the natural and spatial characteristics of the 
terrain. 

Hybrid DTMs offer a distinct advantage in terms of 
visual perception, as they provide a more immersive 
experience of real space through visualization. By 
incorporating algorithmic analysis of morphometric 
parameters of the terrain, a hybrid DTM allows for a 
qualitatively new way of perceiving spatial relationships 
and characteristics of the relief. This facilitates more 
efficient, faster, and more comprehensive terrain analysis. 

Furthermore, the quantitative analysis of the relief, 
which plays a vital role in geospatial assessment, benefits 
significantly from the use of a developed hybrid DTM. It 
enables faster, more complex, and highly accurate 

observation of the topographic surface, enhancing the 
understanding of its properties. 

The main goal of this paper is to present process of 
automated terrain modeling in a hybrid structure, based on 
raw LiDAR (Light Detection and Ranging) data. The aim 
of the research is to develop and implement a concept that 
will enable automated creation of DTM with a hybrid data 
structure for an arbitrarily selected area. The presented 
model should enable the generation of a simplified and 
complex DTM with a hybrid data structure. Simplified and 
complex hybrid models are formed from a raw point cloud. 
This research also presents possibility of producing 
characteristic terrain lines, such as watersheds. 
 
1.1 Previous Works 
 

Digital terrain modeling is a modern method of 
elevation representation of land and relief forms [3]. 
Digital terrain modeling includes activities related to the 
collection and processing of geospatial data, the 
development of appropriate mathematical models, as well 
as aspects of use in various fields of application [4]. Based 
on DTM, through algorithmic analysis of morphometric 
parameters of the relief, a qualitatively new way of 
perceiving spatial relations and terrain characteristics is 
enabled. They have great application in hydrology, 
ecology, agriculture, engineering and other jobs. 

Depending on the modeling and organization of data, 
or the structure of geospatial data, there are three basic 
types of DMT [3, 5, 6]: 
-  Raster data structure (Grid); 
-  Irregular Triangles Network (TIN); 
-  Hybrid data structure. 

The Grid-shaped model consists of a regular lattice 
structure (usually a square Grid) whose members are points 
of known heights (Fig. 1). The great disadvantage of this 
method is the impossibility of a quality display of surfaces 
with sudden changes in the terrain or twisting of the terrain 
such as karst landscapes or fortresses. In order to eliminate 
some of the imperfection of the Grid structure, data 
modification is performed, in order that the resolution of 
the content is adjusted depending on the location and the 
complexity of the terrain configuration [7]. 

The TIN model represents a network of irregular 
triangles (Fig. 1), which is composed of distributed lines 
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and nodes with 3D coordinates (X, Y and Z). Some of the 
advantages of TIN structure is that it includes 
geomorphological forms such as watersheds, ravines, 
peaks. For flat terrain, only a few triangles are needed. On 
the other hand, this type of data structure is difficult to 
combine and compare with other types of data. It can be 
concluded that the structures of data in the form of TIN or 
Grid, has certain advantages but also disadvantages. Both 
of them do not provide a sufficiently high-quality and 
universal way of application and modeling of the terrain 
[8]. The algorithms developed for the purpose of 
multiresolution model based on domain decomposition, 
and simplifying the TIN by preserving the critical net 
topology or by adjusting it in terms of keeping the 
characteristic points of the terrain are explained in the 
papers [9, 10]. 

The hybrid model uses different structures to represent 
the terrain. The hybrid data structure uses the advantages 
of both Grid and TIN data structures [2, 11]. Usually, the 
entire area covered by the DTM is divided into a 
hierarchical Grid of variable size, and within the individual 
elements of the Grid, if it is necessary, a local triangulation 
is created (Fig. 1). In this way, the data structure adapts 
more efficiently to the characteristics of the terrain, with 
very little data redundancy. 
 

 
Figure 1 Hybrid surface structure integrating TINs and Grids [2] 

 
The topic of DTM with a hybrid data structure is a 

relatively new and complex area of research. Compared to 
other areas of research in geodesy and geoinformatics, the 
number of papers dealing with automated terrain modeling 
in a hybrid structure is quite small. Some of the papers 
whose subject of research is DTM with a hybrid structure, 
are more concerned with creating a framework that allows 
the integration of techniques and methods with 
characteristics based on different types of data sets, such as 
irregular triangles, regular and irregular raster data 
structure [12, 13]. Some papers deal with the creation of a 
hybrid data structure, i.e., data models with multiple 
resolutions and levels of detail with the help of 
organizational methods for their seamless integration. This 
approach is characterized by a self-adaptive algorithm that 
retains terrain characteristics and efficiently combines Grid 
with different spatial resolutions and TIN data structures 
[2, 14]. 

Creating a DTM with a hybrid data structure is a 
concept of great potential for simultaneous cartographic 
and photogrammetry generation processes at different 
scales, where the main purpose is to feed different 
geographic information systems (GIS) with appropriate 
DTMs. Some studies suggest a semi-automatic DTM 
generalization process conditioned by a series of 
predefined parameters resulting in the generation of hybrid 
DTMs at different scales starting from a single cloud of 
points obtained through large-scale massive data 
acquisition processes [2]. The generalization results 
obtained, applied on different areas of different relief, offer 
specific application ranks for each parameter with great 
precision, in contrast with DEMs obtained directly in each 
spatial resolution [15].  

Experiences and research dealing with digital height 
models, whose goal is to create raster DEM/DTM with 
improved raster values and the incorporation of certain 
details, can be of great importance for modeling and 
organizing a hybrid data structure [16]. Multiresolution 
terrain models provide a more efficient approach to 3D 
visualization, especially for the display and analysis of 
terrain in GIS, which is why the concepts of creating a 
high-resolution 3D terrain model are being improved. 
These models represent a space with multiple levels of 
detail using two main display methods: a regular Grid and 
TIN [17]. In some papers, there are data architectures for 
hybrid terrain representation that are based on the local 
convexification algorithm (conversion of non-convex parts 
into convex parts). This data structure enables the creation 
of additional triangles needed to connect the models and 
thus avoids discontinuities in the display [18]. 

Data sources, as well as DTM creation methods, have 
evolved significantly over the past few years, from the 
classic geodetic survey and digital topographic mapping to 
remote sensing, LiDAR, and radar imaging. With 
improved Lidar systems and the growing availability of 
Lidar data, research on Lidar-based DTM is receiving 
increasing attention. The advantage of laser scanning over 
other data collection techniques is the fact that this 
technology can collect a large number of points, with high 
precision and in a relatively short time [19, 20]. To develop 
algorithms for many other applications, one fundamental 
step is extracting DTM information from point clouds that 
contain both ground points and non-ground points [21]. 
This process is generally known as filtering. Aiming at 
realizing filtering effectively, lots of algorithms have been 
put forward in the past twenty years. These filtering 
algorithms can be categorized into four classes: slope-
based, morphology-based, surface-based, and 
segmentation-based [19, 20]. 

In this research work, we proposed an automated 
process for the creation and implementation of a simplified 
and complex DTM with a hybrid data structure, using as 
input LiDAR data acquired by laser terrain scanning 
technique. Simplified DTM with a hybrid data structure 
involves the classification of terrain into 3 classes (Tab. 1), 
while a complex structure includes the classification of 
terrain into five classes (Tab. 2). During the creation of 
DTM, the parameter slope is used. Both models include a 
grid with variable resolution. Furthermore, we propose the 
possibility of the implementation of structural terrain lines 
in the form of watersheds. 
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1.2 Area of Research 

 
The Petrovaradin fortress, located on the right bank of 

the Danube in Novi Sad (Serbia), at the location 
45.252160°N, 19.862165°E, was chosen as the test area in 
this paper. The highest elevation of the Petrovaradin 
Fortress is 133 meters above sea level, while the lowest 
point is 75 meters above sea level. On the site of the 
previous medieval building, the current fortress was built 
by Austria in the period from 1692 to 1780 (Fig. 2). 
Because of its position and strategic importance, at that 
time it was named Gibraltar on the Danube. During the 
First and Second World Wars, as well as in the period 
between the two great wars, the fortress suffered some 
damage, and after the end of the Second World War, it was 
placed under the protection of the state, after which parts 
of the fortress were reconstructed and adapted to the needs 
of cultural and educational institution. The Petrovaradin 
fortress is one of the largest and best-preserved fortresses 
in Europe and covers more than 114 hectares. The fortress 
houses the Museum and Archive of Novi Sad, hotels and 
restaurants, studios and galleries of fine artists, an art 
academy, an astronomical observatory, a planetarium, and 
many other facilities. It is also home to numerous major 
cultural events including the EXIT festival. It is 
characterized by high and steep ramparts, and everything 
is surrounded by ditches and canals with drawbridges and 
control gates. For this reason, this area was chosen because 
it is characterized by both diverse terrain features and a 
very rich vegetation and forest cover. 
 

 
Figure 2 Area of interest - Petrovaradin fortress 

 
2 METHODOLOGY AND RESULTS 

 
The process of terrain modeling involves the 

manipulation of an input dataset, typically consisting of a 
raw point cloud. In contrast to terrestrial surveying, where 
surveyors have control over the level of detail captured, 
airborne laser scanning treats the surveyed area as a single 
entity, with details defined by flight parameters and spatial 
constraints. It is important to note that the perceived 
"overmeasure" of information in airborne laser scanning is 
not redundant but can be utilized to isolate objects on the 
surface and provide additional insights into the research 
subject [22]. 

This study utilizes a raw point cloud obtained through 
aerial laser scanning of the city of Novi Sad. The data 
collection was a collaborative effort between the 
Laboratory for Geoinformatics at the Faculty of Technical 
Sciences in Novi Sad and the Italian company GEOCART 
S.p.A. The scanning was conducted using a RIEGL LMS-
Q680i scanner. Flight altitude, determined by the local 
topography and safety regulations, was maintained at 
approximately 200m above ground level, with a speed of 
around 45 km/h. The raw laser pulse density was 
approximately 40 points per square meter. The geodetic 
system employed for the survey was ETRS89-UTM34N. 
The chosen study area boasts diverse relief types with 
complex terrain configurations, which is advantageous for 
exploring the capabilities of generating a hybrid DTM 
using a combined data structure. The presence of different 
geomorphological forms, particularly steep slopes, and 
terrain fractures, necessitates more intricate data 
processing and modeling procedures, making this area an 
ideal choice for the study. 

For the realization of the proposed process of 
automated terrain modeling in a hybrid structure, the 
ArcGIS software package was used. As part of our case 
study, the creation of diagrams and application schemas 
was performed in the ModelBuilder software environment, 
and then a DTM with a hybrid data structure was created.  

Due to the complex structure of the main development 
model, data processing is explained in a simplified scheme 
(Fig. 3). The model concept is presented as a diagram that 
connects process sequences and geoprocessing tools, using 
the output of one process as the input for another process. 
 

 
Figure 3 Simplified model for generating DTM with a hybrid data structure 
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To be suitable for the creation of different, simple, and 
complex DTM with hybrid data structure, our proposed 
model consists of two submodels: one for simple, and one 
for complex DTM, and also one separate submodel as a 
solution for choosing an area of interest "Submodel for 
Clip" (Fig. 5). 

 
2.1 Rasters Generation from Raw Point Cloud 

 
To generate a DTM with a hybrid data structure from 

the raw point cloud, first the points belonging to the ground 
are extracted, and then conversion of *.las data into the 
raster of appropriate resolutions is performed. Using the 
Classify LAS Ground tool, the points belonging to the 
terrain were extracted from the raw point cloud, while LAS 
Dataset to Raster was used for conversion to raster. 

To create model for the creation of simple and complex 
DTM, we have added step for the creation of two raster's 
with two spatial resolutions (10 m and 8 m). These spatial 
resolutions were chosen as the border between high and 
very high spatial resolution. The horizontal distance of 
elevation points of 10 m belongs to high resolution, and 8 
m belongs to very high spatial resolution [23]. From a 
raster with a spatial resolution of 10 m, simplified DTM 
with a hybrid data structure is created, and complex DTM 
with a hybrid data structure is created from a raster with a 
spatial resolution of 8 m (Fig. 4). The natural neighbor 
interpolation method is used to generate these rasters. 
 

 
Figure 4 Rasters generation from raw point cloud 

 
2.2 Classification of Terrain Slope Angles 
 

The angle of inclination of the terrain is of great 
importance in perceiving geospace and monitoring various 

processes in nature. For geomorphological analysis of the 
terrain, the slope angle is a key parameter. For easier relief 
analysis and consideration of potential opportunities for the 
development of a geographical area, several different 
classifications of terrain exist. The general classification of 
terrain according to slope and elevation range [21], is given 
in Tab. 1. 
 

Table 1 Terrain classification using slope and elevation range [21] 
Landform type Slope / ° Elevation range / m 

Plain < 2 < 80 
Upland 2-6 80-300 

Hill 6-25 300-600 
Mountain > 25 > 600 

 
Having in mind the specifics of the terrain in the study 

area, it is necessary to classify the terrain according to the 
slope and relief. In the process of classification of terrain 
slope angles, we have added an optional submodel for 
those users who want to choose only the selected part of 
input point cloud data. 
 
2.2.1 Submodel for the Area of Interest 
 

To allow the users to focus on a desired AOI (Area of 
Interest), the first Submodel for Clip was created. With this 
submodel, users can load the *.shp file with a border of 
desired area to subset the input raster obtained from *.las 
data belonging to the Ground class. The input raster is a 
subset based on the *.shp file. Raster is then used in further 
classification processes in order to create a hybrid data 
structure on the area of interest (AOI). It should be noted 
that loading the desired *.shp file according to which the 
raster should be subset is optional and that if the AOI is not 
loaded, the output raster represents the area located at the 
input of the Submodel for Clip (Fig. 5). Then, on both 
raster's, the Slope function was applied in order to conduct 
an analysis of the slope angle (Fig. 5). 
 

 
Figure 5 Classification of terrain slope angles 
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The next step in the process of forming a hybrid data 
structure is the reclassification of the slope angle, which 
was performed using the Reclassify function. Having in 
mind the specifics terrain of the selected area and the 
classification of the terrain according to the slope and relief 
(Tab. 1 and Tab. 2), new (reclassified) values of the terrain 
slope were created. 
 

Table 2 Terrain classification using slope [24, 25] 
Qualitative description of the slope Slope / ° 

Plain < 1 
Very slightly sloping 1-3 

Slightly bent 3-5 
Fairly bent 5-8 

Slanted 8-12 
Very skewed 12-16 

Moderately steep 16-20 
Medium steep 20-30 

Very steep 30-40 
- > 40 

 
The proposed model enables the generation of both, 

simplified and complex DTM with a hybrid data structure. 

Based on terrain classification by means of slope and 
elevation range (Tab. 1, Tab. 2), the authors suggest a 
simplified case with three classes, i.e., two classes for Grid 
and one class for TIN structure, and complex four classes 
for Grid and one class for TIN structure. For the simplified 
case (raster 1), the following class values are created: 
- Class 1 - from 0° to 6°; 
- Class 2 - from 6° to 25°; 
- Class 3 - from 25° to 90°. 

The value of 90° is taken as the limit value when it 
comes to the slope angle. For a more complex case (raster 
2), with a hybrid data structure that has a larger number of 
classes, the following values were taken: 
- Class 1 - from 0° to 3°; 
- Class 2 - from 3° to 8°; 
- Class 3 - from 8° to 16°; 
- Class 4 - from 16° to 20°; 
- Class 5 - from 20° to 90°. 

The results of reclassification of the slope angle, for 
both cases, are presented in Fig. 6.

 

  
(a) (b) 

Figure 6 Reclassified terrain slope angle for raster 1 (a); Reclassified terrain slope angle for raster 2 (b) 
 
2.3 Creating a Simplified DTM with a Hybrid Data Structure 
 

The basic idea when creating a simplified case of DTM 
lies in the fact that the simplified hybrid data structure 
should contain less information, i.e. to have fewer classes 
belonging to the Grid data structure. Accordingly, at the 
input of this part of the proposed model, there is a 
reclassified raster 1 with 3 classes, and the output is a DTM 
with a hybrid data structure in a vector notation (*.shp file). 
To be suitable for further processing, the proposed model 
for creating a simplified DTM with a hybrid data structure 
was created. 

The basic function of this submodel is to create a 
network (Grid) for two types of input raster data. For input 
raster data 1 (Class 1 - from 0° to 6°), a Grid with a cell 
size of 10 × 10 m is created, and for input raster data 2 
(Class 2 - from 6° to 25°), a Grid with a cell size of 5 × 5 
m is created. To properly fit the Class 1 and Class 2 Grid 
data structures, the Class 2 spatial resolution values are 
twice the Class 1 spatial resolution values. 

To obtain a hybrid model, in addition to the raster, a 
TIN data structure is required (Class 3 - from 25° to 90°). 
When converting a raster to a TIN structure, the value of 
the Z tolerance parameter should also be considered 
(Fig. 7). 
 

 
Figure 7 Z tolerance display [12] 

 
The description of the procedure and process of 

creating a simplified DTM with a hybrid data structure is 
shown in Fig. 8. Also, a part that automatically calculates 
the maximum allowable value of Z tolerance is integrated 
within it. 
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From the results of the first reclassification of the slope 
angle, the extraction by attributes is performed using the 
function Extract by Attributes. From attribute 1, attribute 
2, and attribute 3, the function Raster to Polygon is used to 
create polygon 1, polygon 2, and polygon 3. In order to 

create a Grid within polygon 1 and polygon 2, the function 
Create Fishnet (1/2) is applied. This submodel is used to 
form Grids with a cell size of 10 × 10 m and a cell size of 
5 × 5 m for the entire area of the input raster. 
 

 

 
Figure 8 Submodel - creating a simplified DTM with a hybrid data structure 

 
In order to keep the created Grids with such cell size 

within polygon 1 and polygon 2, the Intersect function 
intersects polygon 1 and the created network with a cell 
size of 10 × 10 m, as well as polygon 2 with a cell network 
size of 5 × 5 m. The results of this function are files 
"Intersect (1)" and "Intersect (2)", after which they are 
joined using the Merge function. 

To obtain a simplified DTM with a hybrid data 
structure, it is necessary to merge the Grid and TIN data 

structures. The TIN data structure within polygon 3 is 
obtained by converting the entire input raster 1 into a TIN 
data structure. In this conversion, as mentioned earlier, it is 
necessary to take into account the maximum allowable 
value of Z tolerance. The maximum permissible value of Z 
tolerance is calculated by the formula: 

 

 1
_tolerance max min

10
Z Z Z                                       (1) 
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The value of the maximum allowed Z tolerance must 
be entered manually each time the raster is converted into 
a TIN data structure. To automate this process, it is 
necessary to find the maximum and minimum height in the 
area of the entire input classified raster 1. This is achieved 
first with the Raster to Point function, where points are 
created for the entire reclassified input raster 1. In this case, 
each raster pixel is converted to one point. After that, with 
the Extract Values to Table function, the assignment of 
heights from raster 1 to the points that remained as a result 
of the previous step is performed. The assigned height 
values are then stored in the attribute table. In the further 
procedure of data processing with the help of the Summary 
Statistics function, points that have the maximum and 
minimum height from the mentioned points that are saved 
in the attribute table are extracted. 

After the calculation of the Z tolerance value and 
creating a TIN data structure for the entire input raster 1, it 

is truncated with the TIN data structure within polygon 3, 
using the Edit TIN function. 

The final integration (merge, Fig. 8) of the GRID and 
TIN data structure yields a simplified DTM with a hybrid 
data structure. The obtained model is shown in Fig. 9. 

 

 
Figure 9 Simplified DTM with a hybrid data structure 

 

 
Figure 10 Submodel - complex DTM with a hybrid data structure 
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2.4 Creating a Complex DTM with a Hybrid Data Structure 
 

The formation of complex DTM with a hybrid data 
structure is done, so that some parts of the terrain that are 
in simplified DTM with TIN data structure, here in a 
complex model could be presented with GRID data 
structure characterized by much smaller cell size than was 
the case with simplified view. In this way, details are 
gained, and the terrain that the GRID structure would not 
be able to adequately display, only those parts will be with 
the TIN data structure. All steps for creating complex DTM 
with a hybrid structure are shown in Fig. 10. 

The same functions that are used in creating a 
simplified DTM, are used in the process of creating a 
complex DTM with a hybrid data structure. The only 
difference is that instead of three attributes in this part of 
the proposed model, there are five attributes. In this way, 
the GRID data structure is formed from the first four 
attributes, and when it comes to the TIN data structure, 
local triangulation is formed within the polygon of the fifth 
attribute. The basic function of the Create Fishnet (1/2/3/4) 
is to create a network with four different slope angles, 
which will better represent the complex structure of the 
terrain (Tab. 3). 
 

Table 3 Pixel dimensions in grid model based on terrain slope 
Slope / ° GRID size / m 

0-3° 8 × 8 
3-8° 4 × 4 
8-16° 2 × 2 
16-20° 1 × 1 

In the final integration of the Grid and TIN structure 
(Class 5 - from 20° to 90°), a complex DTM with a hybrid 
data structure is obtained (Fig. 11). 
 

 
Figure 11 Complex DTM with a hybrid data structure 

 
2.5 Subsection 
 

To complete the concept of simplified and complex 
DTM with a hybrid data structure, the part that creates 
structural terrain lines in the form of watersheds is 
integrated within the developed model. Creating structural 
terrain lines is optional. The input to the part of the model 
is a raster obtained by converting *.las points belonging to 
the Ground class into a raster, and the output is watersheds 
in vector *.shp format (Fig. 12). 

 

 
Figure 12 Creating structural terrain lines in course lines 

 
The proposed model takes a raster 1 as input, which 

has a spatial resolution of 10 m. However, the same 
procedure and outcome would apply if a raster 2 with a 
spatial resolution of 8 m were used instead. The Con 
function is utilized to remove input pixel values that are 

equal to 0, and subsequently, the Fill function is employed 
to correct errors present in the raster. 

The correction using the Fill function is necessary 
because most rasters cannot be directly used for 
hydrological network modeling. Namely, rasters intended 
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for hydrological network modeling often contain peaks and 
depressions that disrupt the natural flow of water within the 
network [26]. Hence, the Fill function is employed to 
rectify these irregularities and ensure a more accurate 
representation of the hydrological network. 

Using the Flow Direction function, a value is assigned 
to each raster cell that shows the direction of flow leaving 
the cell [27, 28]. This function uses the method of the 
steepest fall to determine in which direction the water 
flows. Then the drainage basins are defined with the Basin 
function, where the terrain areas from which water flows 
into the same stream have been defined. 

The next step, for further analysis, is to isolate the 
basins using the Raster to Polygon tool. With the help of 
functions Flow Direction with the Extract by Mask, the 
calculation of water accumulation was performed. Results 
are in the raster format, where pixels with higher values 
indicate areas with higher water accumulation. 

From the results of the calculation of water 
accumulation using the Times function, a drainage area is 
obtained. Due to the exponential increase in the value of 
pixels in the drainage area, the values of cells in the 
resulting Grid are large, so the Log10 function is used. 
With the Con function, the minimum drainage area formed 
by the river flow is obtained, and the identification and 
classification of flows based on the number of their 
tributaries is created using the Stream Order function. With 
the help of the Stream to Feature function, we finally get 
the structural lines of the terrain in the form of watersheds 
(Fig. 13). 
 

 
Figure 13 Structural terrain lines in the form of watersheds and simple hybrid 

data structure 
 
3 DISCUSSION 
 

The presented results show that the developed models 
integrate the Grid and TIN data structures well and that the 
different data structures fit together well (Fig. 14).  

When creating a DTM with a hybrid data structure 
from a raw point cloud, the option to select an area of 
interest can be used, as well as to create structural terrain 

lines in the form of watersheds, which complements the 
concept of created DTM with a hybrid data structure. 

 

 
Figure 14 Complex DTM with a hybrid data structure 

 
The fact of existence of Grid and TIN data structures 

in the generated hybrid models allows to use the good 
features of both data structures in the interconnection and 
display of terrain. In order to show parts of the terrain with 
a smaller slope, a Grid data structure with different spatial 
resolutions was applied. In this way, we have achieved that 
flatter parts of the terrain are shown with a smaller spatial 
resolution, without large and elongated triangles. The 
presentation of steeper parts of the terrain, such as parts 
with more complex geomorphology, is presented in the 
TIN data structure, thus retaining the characteristic features 
of the relief of the area that was analyzed. In this way, 
hybrid data structures were very efficiently adapted to 
different morphological types of terrain and, with this 
proposed model the imperfection of both mentioned data 
structures was eliminated. 

This paper presents a new approach to modeling and 
managing geospatial data such as relief with an extremely 
complex geomorphological structure. 
 
4 CONCLUSIONS 

 
In this research it is aimed to explore the potential of 

utilizing automated generation of a DTM with a hybrid 
data structure using point clouds. As this approach 
represents a novel method for obtaining a DTM, it has been 
demonstrated that the developed model possesses the 
capability to generate a hybrid data structure, particularly 
in areas characterized by complex relief. The key 
contributions of the developed model are summarized as 
follows: 
1. Integration of Hybrid Data Structure: The model 

successfully combines and integrates the Grid and TIN 
data structures, creating a hybrid data structure that 
leverages the advantages of both approaches. This 
integration enables a more comprehensive and 
accurate representation of the terrain. 
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2. Adaptation to Complex Relief: The model has 
demonstrated its effectiveness in handling complex 
relief areas. It can effectively process and model 
terrains with varying geomorphological features, 
including steep slopes, fractures, and other intricate 
terrain configurations. 

3. Automation and Efficiency: The developed model 
automates the process of DTM generation, reducing 
the need for manual intervention and enabling faster 
and more efficient data processing. This automation 
streamlines the workflow and enhances productivity. 

4. Enhanced Spatial Analysis: The hybrid DTM 
generated by the model allows for improved spatial 
analysis. It provides a solid foundation for further 
analysis and exploration of the topographic surface, 
enabling advanced quantitative assessments and 
supporting various applications. 

5. The generated hybrid model adapts quite well to any 
set of input data (any unclassified point cloud in las 
format). 

6. The user has the optional ability to focus on the desired 
area of interest and thus generate a DTM with a hybrid 
data structure only for the selected area. 

7. It is possible to create a hybrid data structure with both 
simplified and complex DTM data structure with 
different spatial resolutions, as well as automated 
export of created models to vector data type. 

8. In the developed model additional option is offered. 
The automated creation of structural terrain lines in the 
form of watersheds, as well as their export in the vector 
data type. 
Overall, the main contribution is the automated 

process of creating more complex terrain models, and 
standardization and specification of geometric and 
attributive modeling that allow easier and more successful 
development of models with a hybrid data structure, 
completely subordinate to the user. Also, the 
geoinformatics functionally oriented approach used in this 
case study enables an easier process of transformation of 
one structure, in this case the input raw point cloud (*.las 
file) into the desired hybrid structure in accordance with 
the relief shape. Due to the advantages of DTM with a 
hybrid data structure, which are reflected in the fact that 
they represent geomorphological forms (all types of relief), 
it should be expected that they will be increasingly 
developed and applied in the future. The developed model 
has many advantages mentioned earlier; however, in the 
implemented version, the authors restricted it to work with 
five classes based on the terrain slope, which represents 
one of the model's limitations. In the future, the authors will 
explore the possibility of a more detailed division of the 
terrain according to the slope and will adapt the model 
accordingly. Additionally, a theoretical problem in 
applying the developed model may arise in the case of 
lateral recesses of the relief, such as galleries, where the 
terrain slope is over 90°. This aspect requires further 
investigation. 
 
Acknowledgements 

 
This research has been financially supported by the 

Ministry of Science, Technological Development and 
Innovation of Republic of Serbia (Contract No: 451-03-

47/2023-01/200026 and Grants No. 451-03-47/2023-
01/200156 "Innovative scientific and artistic research from 
the FTS (activity) domain"). The authors wish to express 
their deepest gratitude and warmest appreciation to the 
Laboratory for Geoinformatics of the Faculty of Technical 
Sciences in Novi Sad. Further, many thanks go to the staff 
of the above institutions for giving their supply of materials 
and equipment for this study. 
 
5 REFERENCES 
 
[1] Amor, M. & Bóo, M. (2008). A new architecture for efficient 

hybrid representation of terrains. Journal of Systems 
Architecture, 54(1-2), 145-160. 

  https://doi.org/10.1016/j.sysarc.2007.04.005 
[2] Bandara, K. R. M. U., Samarakoon, L., Shrestha, R. P., & 

Kamiya, Y. (2011). Automated generation of digital terrain 
model using point clouds of digital surface model in forest 
area. Remote Sensing, 3(5), 845-858. 

  https://doi.org/10.3390/rs3050845 
[3] Baumann, K., Döllner, J., Hinrichs, K., & Kersting, O. 

(1999). A Hybrid, Hierarchical Data Structure for Real-Time 
Terrain Visualization. Computer Graphics International, 85-
92. https://doi.org/10.1109/CGI.1999.777920 

[4] Bóo, M., Amor, M., & Döllner, J. (2007). Unified hybrid 
terrain representation based on local convexifications. 
GeoInformatica, 11(3), 331-357. 

  https://doi.org/10.1007/s10707-006-0003-y 
[5] Borisov, M., Petrović, V. M., & Vulić, M. (2014). 

Vizuelizacija 3D modela geopodataka i njihova primjena. 
Geodetski Glasnik, 48, 29-45. 

[6] Borisov, M., Simić, R., Petrović, V. M., & Milinčić, M. 
(2021). Analiza kvaliteta 3D modela zasnovanih na 
digitalnoj fotogrametriji. Geodetski Glasnik, 52, 5-26.  

[7] Charles L. Miller. (1958). The theory and application of the 
digital terrain model. Massachusetts Institute of Technology. 

[8] Chen, Y. & Zhou, Q. (2013). A scale-adaptive DEM for 
multi-scale terrain analysis. International Journal of 
Geographical Information Science, 27(7), 1329-1348. 

  https://doi.org/10.1080/13658816.2012.739690 
[9] Danovaro, E., de Floriani, L., Magillo, P., Mesmoudi, M. M., 

& Puppo, E. (2003). Morphology-Driven Simplification and 
Multiresolution Modeling of Terrains. 11th ACM 
International Symposium on Advances in Geographic 
Information Systems, 63-70. 

  https://doi.org/10.1145/956676.956685 
[10] Deng, Y., Wilson, J. P., & Bauer, B. O. (2007). DEM 

resolution dependencies of terrain attributes across a 
landscape. International Journal of Geographical 
Information Science, 21(2), 187-213. 

  https://doi.org/10.1080/13658810600894364 
[11] Ebner, H., Reinhardt, W., & Hößler, R. (1988). Generation, 

Management and Utilization of High Fidelity Digital Terrain 
Models. Congress of the International Society for 
Photogrammetry and Remote Sensing, 556-566.  

[12] How Raster to TIN works. (2021). Retrieved from 
https://desktop.arcgis.com/en/arcmap/latest/tools/3d-
analyst-toolbox/how-raster-to-tin-works.htm 

[13] Finlayson, D. P. & Montgomery, D. R. (2003). Modeling 
large-scale fluvial erosion in geographic information 
systems. Geomorphology, 53(1-2), 147-164. 

  https://doi.org/10.1016/S0169-555X(02)00351-3 
[14] Forkuo, E. K. (2008). Digital terrain modeling in a GIS 

environment. International Archives of the Photogrammetry, 
Remote Sensing and Spatial Information Sciences, 37(B2), 
1023-1029.  

[15] What is ArcGIS? GISGeography. (2021). Retrieved from 
https://gisgeography.com/what-is-arcgis/ 



Vladimir M. PETROVIĆ et al.: Model for Automated Generation of DTM with Hybrid Data Structure Using Point Clouds 

Tehnički vjesnik 31, 4(2024), 1411-1421                        1421 

[16] Irwin, S., Srivastav, R., & Simonovic, S. (2014). Instruction 
for Watershed Delineation in an ArcGIS Environment for 
Regionalization Studies. Department of Civil and 
Environmental Engineering, Western University, Canada. 

[17] Chaudhary, D. G., Gore, R. D., & Gawali, B. W. (2018). 
Inspection of 3D modeling techniques for digitization. 
International Journal of Computer Science and Information 
Security, 16(2). 

[18] Kostic, M., Gigović, L., & Prodanović, G. (2014). Evaluacija 
Morfometrijskih Karakteristika Terena Primenom GIS 
Tehnologije. 1st International Scientific Conference - 
Sinteza, 811-815. https://doi.org/10.15308/sinteza-2014-811-815 

[19] Li, Z., Zhu, C., & Gold, C. (2005). Digital Terrain Modeling: 
Principles and Methodology (1st Edition). CRC Press. 

[20] Liu, X. (2008). Airborne LiDAR for DEM generation: Some 
critical issues. Progress in Physical Geography, 32(1), 31-
49. https://doi.org/10.1177/0309133308089496 

[21] Liu, X., Weitao, C., & Wang, C. (2008). Research on a 
Correction Method to Existing Grid-based DEM. 
International Archives of the Photogrammetry, Remote 
Sensing and Spatial Information Sciences, 37, 1165-1170.  

[22] Martín, M. T., Rodríguez, J., Irigoyen, J., Martínez-Llario, J. 
C., & Arias, P. (2009). Semi-automatic process for hybrid 
DTM generalization based on structural elements multi-
analysis. Cartographic Journal, 46(2), 146-154. 

  https://doi.org/10.1179/000870409X459905 
[23] Meng, X., Currit, N., & Zhao, K. (2010). Ground filtering 

algorithms for airborne LiDAR data: A review of critical 
issues. Remote Sensing, 2(3), 833-860. 

  https://doi.org/10.3390/rs2030833 
[24] Samsonov, T. E. (2020). Automated conflation of digital 

elevation model with reference hydrographic lines. ISPRS 
International Journal of Geo-Information, 9(5), 1-40. 

  https://doi.org/10.3390/ijgi9050334 
[25] Sofia, G., Eltner, A., Nikolopoulos, E., & Crosby, C. (2019). 

Leading progress in digital terrain analysis and modeling. 
ISPRS International Journal of Geo-Information, 8(9), 372. 
https://doi.org/10.3390/ijgi8090372 

[26] Wierzbicki, D. & Nienaltowski, M. (2019). Accuracy 
analysis of a 3D model of excavation, created from images 
acquired with an action camera from low altitudes. ISPRS 
International Journal of Geo-Information, 8(2). 

  https://doi.org/10.3390/ijgi8020083 
[27] Xiao, X., Weiping, X., Qing, Z., Yeting, Z., & Zhiqiang, D. 

(2013). Integration method of TINs and Grids for multi-
resolution surface modeling. Geo-Spatial Information 
Science, 16(1), 61-68. 

  https://doi.org/10.1080/10095020.2013.774109 
[28] Yang, B., Shi, W., & Li, Q. (2005). An integrated TIN and 

Grid method for constructing multi-resolution digital terrain 
models. International Journal of Geographical Information 
Science, 19(10), 1019-1038. 

  https://doi.org/10.1080/13658810500391156 
[29] Zhou, B., Xu, J., Zhang, X., & Liu, X. (2018). New high-

fidelity terrain modeling method constrained by terrain 
semanteme. PLOS ONE, 13(6). 

  https://doi.org/10.1371/journal.pone.0198530 
 
 
 
 
 
 
 
 
 
 
 
 

Contact information: 
 
Vladimir M. PETROVIĆ, Assistant Research Professor 
University of Belgrade,  
Institute of Chemistry,Technology and Metallurgy,  
Center of Ecology and Technoeconomics,  
Njegoševa 12, 11001 Belgrade, Serbia 
E-mail: petrovic@ihtm.bg.ac.rs 
 
Dušan JOVANOVIĆ, Associate Professor 
Faculty of Technical Sciences,  
University of Novi Sad,  
21000 Novi Sad, Serbia 
E-mail: dusanbuk@uns.ac.rs 
 
Mirko BORISOV, Full Professor 
Faculty of Technical Sciences,  
University of Novi Sad,  
21000 Novi Sad, Serbia 
E-mail: mborisov@uns.ac.rs 
 
Željko BUGARINOVIĆ, Teaching Assistant PhD 
(Corresponding author) 
Faculty of Technical Sciences,  
University of Novi Sad,  
21000 Novi Sad, Serbia 
E-mail: zeljkob@uns.ac.rs 
 
Мilan GAVRILOVIĆ, Teaching Assistant 
Faculty of Technical Sciences,  
University of Novi Sad,  
21000 Novi Sad, Serbia 
E-mail: milangavrilovic@uns.ac.rs 
 
Zoran ILIĆ, Lecturer 
Academy of Technical and Educational Vocational Studies,  
18000 Niš, Serbia 
E-mail: zoran.ilic.ni@akademijanis.edu.rs 
 
Darko LUKIĆ, MSc in Geodesy 
Faculty of Technical Sciences,  
University of Novi Sad,  
21000 Novi Sad, Serbia 
E-mail: darko.lukic123@gmail.com 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


