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IZVLECEK

Tehnologije daljinskega zaznavanja in GIS so postale
ucinkoviti pripomocki za rekonstrukcijo objektov in dogodkov
vojaske zgodovine. V nasi ragiskavi smo uporabili lasersko
skeniranje v povezavi z zgodovinskimi podatki za podrobno
rekonstrukcijo znacilnega dela madgarskega juznega
obrambnega sistema. Ohbranjeni objekti sistema so dobro
dokumentirani in v dobrem stanju, vendar pa nekdanje
vojaske karte zagoravljajo le priblizne pologaje in smeri
sovraznikovega ognja. Danes objekte prekriva gosta vegetacija,
zaradi Cesar je dostop do njih otegen, za pridobivanje podatkov
0 njih smo tako uporabili zdruzene podatke zrainega in
terestricnega laserskega skeniranja. Postopek 3D rekonstrukcije
obrambne linije je imel dva glavna cilja. Prvic, primerjati
rekonstruirane objekte in njihove prvotne nacrte na podlagi
3D CAD modelov, pridobljenih iz terenskih podatkov. Drugic,
igboljsati nekdanje vojaske takticne karte, vkljucno s polozaji
in usmeritvami objektov, z vkljucitvijo 3D modelov v digitalni
model terena obmodja, pridoblien iz podatkov zrainega
skeniranja. Posledicno so bile primerjane dimenzije in stanje
objekrov, obrambna struktura, predstavijena na nekdanjih
takticnib kartab, pa je bila izboljfana. S predstavijeno
metodologijo bi lahko rekonstruirali celotno utrjeno linijo,
kar bi lahko uporabljali za zgodovinske, izobrazevalne,
arhitekturne in turisticne namene.
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ABSTRACT

Remote sensing technologies and GIS have become every-
day practice in military historical reconstruction. Our
research employed laser scanning survey in conjunction

with historical data to execute a detailed reconstruction of
a common part of the Hungarian Southern Defence System.

The system’s remaining objects are well documented and in

good condition. However, the previous maps only provide
approximate positions and fire directions. Currently, the
objects are covered by extremely dense vegetation, making
surveying particularly difficult. To overcome these challenges,

both airborne and terrestrial laser scanning data collected
and integrated. The 3D reconstruction of the defensive
line had two major objectives. Firstly, to compare the
reconstructed objects and their original plans based on 3D
CAD models derived from in-field data. Secondly, ro improve
the historical military tactical maps, including object
positions and orientations by the integration of 3D models
into the digital terrain model from airborne scanning data.

Finaly, the dimensions and the condition of the objects were
analysed, and the defensive structure appearing on historical
tactical maps was improved based on the surveyed data.

The described methodology has the potential to reconstruct
the entire fortified line, which could have archaeological,

educational, architectural and tourism applications.

KEY WORDS

military, 3D object reconstruction, LIDAR data integration,
3D analysis
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1 INTRODUCTION

The investigation of military events and objects of the 20th century is still a widly studied topic around the
world. Many publications are focusing on detecting (George et al., 2019), reconstructing (Jucha W et al.,
2021) or reusing (Luke, 2020) of these fortifications. A considerable number of studies have been published
about World Wars and the Cold War, even in Hungary (Juhdsz and Neuberger, 2018; Balatoni, 2021).
Precise and engineering maps and visualizations of the studied sites and events are essential parts of these
publications. Geoinformatics and remote sensing technologies provide solutions for reconstructing military
historical objects and events (Kobiatka, 2017; Christopher et al., 2013). Regarding data sources, the archive
data such as maps, aerial photographs, written and image documentation are the most important ones for
this type of reconstruction (Juhdsz, 2005); recent remotely sensed data can also efficiently support the pro-
cess. A complex military historical reconstruction procedure typically involves three parts: environmental
reconstruction, object reconstruction and event reconstruction (Juhdsz, 2014). All these phases can also
be analysed in GIS environment. The topography of the surrounding environment greatly influences the
location of fortifications, complementary objects, and the direction of the military movements (Bruscino,
2020), therefore topography mapping and analysis has high priority in the reconstruction process. Military
operations and defence planning also involve three levels: strategic, operational, and tactical levels (Bouk-
htouta et al., 2004); the reconstruction process should follow this structure. It is necessary to investigate and
reconstruct the detailed environmental elements, especially the terrain of the selected period and area. At
strategic level, this involves a broad and low scale examination of the elevation data to gain an overview of
the entire selected battlefield (Butkiewicz et al., 2008). Additionally, it is often necessary to study the micro-
terrain to resolve the tactical level of the particular military operation. Locating the precise position and
orientation of the military objects, identifying previously demolished or even destroyed objects and finally,
discovering environmental phenomena in connection with fortification objects are typical reconstruction tasks
(Clermont et al., 2019). The study of local micro-terrain differences can often provide the solution. Like in
any other part of geosciences, in GIS based military reconstructions the 2D visualization and analysis is no
longer sufficient. Currently, 3D presentation and analysis of fortresses, defensive systems or other fortifica-
tion elements are necessary and expected (Kowalski et al., 2023). Available data sources enable creating and
analysing 3D models of the terrain and the objects more efficiently than ever before (Masiero et al., 2019).

Previous publications on GIS or CAD based reconstructions were only published methods at a given scale. In
this current paper, we present a multi-scale approach that integrates CAD and GIS-based reconstructions. A part
of fortified area of Hungarian Southern Defence System was investigated extensively using a detailed reconstruc-
tion and multiscale analysis. Dimensions, position, and orientation, together with the recent condition of the
military objects were investigated in large scale. As a result, a precise and comprehensive picture of the defence
systern’s operation was obtained in the study area. The analysis was carried out in two different scales enabling
the integration of precise 3D CAD models into an airborne laser scanning (ALS) based digital terrain model.

2 MATERIALS AND RECONSTRUCTION METHOD

2.1 The study area

Following World War II and at the beginning of the Cold War era, the Hungarian and Soviet leadership
aimed to strengthen the region along the common border with the former Yugoslavia. The Hungarian
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Southern Defence System was constructed over years at an enormous cost, equivalent to a quarter of
the annual GDP at the time. The planned total length of the fortification was more than 600 km, and
its width was more than 10 km. It was intended to include 7687 fire positions for tanks, assault guns,
artillery, mortars, and machine guns, as well as 2000 fighting positions and observation posts, and 2469
shelters. Additionally, it would have included also 964 reinforced concrete machine-gun domes, 219
artillery strongholds, and 4158 kilometres of fire trenches. Furthermore, more than 120 tank shelters
were planned along the 600-kilometre border line. In 1955, 40% of the fortification was completed,
however, due to the political changes, further construction was suspended (Suba et al., 2010).

Based on accessible archive documentation, available ALS data and field survey options, our study area
was selected near the settlement of Majs (Figure 1 A and Figure 3), located 3 km from the border line.
At least four different typical fortification objects can be found in this area, according to the written and

military map documentation.

2.2 The data sources

Due to its time in which it was built and its function, the investigated fortification was well documented.
The previous military maps and the building detailed plans of the fortification are still available today.
These archive data and publications were crucial to our research. The following list describes the used
archive sources, images shown in Figures 1 and 2:
— Archive military tactical maps, which show the approximate planned locations and orientation of
the military objects (Figure 1 / A) (Suba et al., 2010)
— Archive aerial photographs (Figure 1 / B) (fentrol.hu)
— Detailed archive floor plans of the fortification elements such as bunkers, shelters, and fire positions

(Figure 2) from the Collection of type fortifications and their camouflage (1951)

Figure 1:  A:The fortification objects (positions and fire directions) on the archive tactical map, (Suba et al. 2010); B: Type A/20
artillery position (circled) on archive aerial photograph from 1979 (fentrol.hu).
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These data sources were used for analysing the study area and investigating the former planned
establishment of the defence system. The main principle behind the construction of the fortification
objects was to attack the potential enemy from the flank. In the investigated area a higher ridge
to the west provided protection behind the objects. To the south, earthworks and the bunkers’
screen walls shielded the combatants. All the planned fire directions and sweep areas were oriented

towards the East, allowing for the control, and firing from the flank of any enemy movements

towards the North.
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Figure 2: The archive detailed plans of the fortification objects (Suba et al, 2010, Collection of type fortifications and their
camouflage, 1951).

Due to the current environmental conditions of the extremely dense vegetation, various laser scanning
solutions were the only reasonable surveying methods to enable the study. In addition, we used Google
Earth satellite images to get an overview of the current state of the study area. Furthermore, we checked
and identified the military object positions on the former military maps in current environmental cir-

cumstances to prepare for the in-field work (Figure 3).

Due to the size of the defence line and the need to reconstruct and obtain an overview of the complete
system, the investigation was carried out from airborne laser scanned data. Firstly, it was essential to
analyse the involved area to identify the parts of the studied objects in the ALS point cloud, as these
parts should be the base of the ALS and terrestrial laser scanning (TLS) point cloud alignment. The
used ALS data were surveyed in 2012 and covered 140 km?, the point cloud density is 10 points/m?
(Berték and Giti, 2014).

The detailed object reconstruction was made from both UAV and TLS surveys. To obtain a compre-
hensive internal and external 3D model of the objects, TLS measurements were taken using the Leica
BLK360 scanner. For large extended objects (A, D in Figure 8.), we additionally used the Leica BLK2FLY
LiDAR UAV system to supplement and improve terrestrial surveys. Although all surveyed areas were
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smaller than 200 m?, due to vegetation cover, a significant number of TLS measurement positions were

required, resulting in large point clouds (Figure 4). Point reflected from vegetation had to be removed

during processing.
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Figure 3: Two fortification objects near Majs on Google Earth image (45°54'54.53"N, 18°36'8.15"F).

Figure 4:  One of the raw TLS point clouds (~84 million points).

2.3 The reconstruction method

The reconstruction process aimed to integrate all available data into a GIS database to enable precise 3D
modelling and analysis of the selected objects of the Hungarian Southern Defence System. Firstly, a de-

tailed investigation of the surveyed bunkers was carried out. The preprocessing involved three major steps:

—  Registration of the TLS and UAV measurements of a single location. Due to dense vegetation cover
we acquired very dense point clouds (Figure 5). In two cases (A/20 bunker and A/16 bunker on
Figure 8) both TLS and UAV laser scanning were carried out. The Leica Cyclone Field 360 and

Leica Cyclone Register 360 software were used in processing. The first was applied to control and
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support the fieldwork, the second was used to execute the final registration. Despite difficult survey
environment, in each case the average registration errors were under 2 cm.

—  Removing the irrelevant points (vegetation points) from point cloud. In this step the number of the
points was radically decreased, e.g. in case of A/20 bunker from 33 million to 4.3 million.

—  Resampling data. To allow the efficient GIS handling, resampled point cloud of the bunkers was
created with 5 cm x 5 cm grid. The resampling process is based on the use of spatial constraints
with the definition of 5 cm point spacing.

AutoCAD 2020 environment was used to create 3D model of the bunkers in local coordinate system,
based on the final resampled point clouds. However, only the internal dimensions were accurately mod-
elled as the significant parts of the outer sides of the bunkers were covered by the vegetation or soil. The
occluded parts were reconstructed from the archive fortification floor plans. 3D modelling was executed
manually based on the dimensions measured on TLS point clouds. Due to the low number and simple
geometry of the objects, manual processing rapidly provided accurate models. 3D editing of the loop-
holes and screen walls was the most time-consuming process, due to their relatively complex geometry.
Finally, the 3D bunker models were converted to a GIS related .dae file format enabling further work
in QGIS environment. The 3D models were fitted manually to the georeferenced TLS point cloud in
QGIS based on well identifiable characteristic points and elements.

Overall Quality

Error Results for Bundle 1

Setup Count: 18
Link Count: 19

Strength: 45%
Overlap: 42%

Bundle Error
0.007m v

Cloud-to-Cloud
0.007m v

Figure 5: The original point cloud with the red dots representing the TLS scan locations (left) and the final point cloud of
bunker A/20 type (right).

Additionally, a smaller scale study was conducted to obrtain reliable information on the practical imple-
mentation, design, and complexity of the entire system. The relevant archive aerial imagery and former
military map data have been georeferenced into the Unified national projection system of Hungary
(EPSG:23700). This unified reference system enabled the study of the former military plan together
with Google satellite images and terrestrial and aerial laser scanned data, which revealed the location

and orientation of the existing and identifiable military objects. The steps of the process were as follows:
— Identify the exact location of the bunkers by investigating the existing maps together with the
current satellite images and surveyed data. Because of their massive construction, there is always a

good chance to detect them on different sources.
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— The alignment of the TLS data to the georeferenced ALS data enabled to determine the specific
fire directions, sweep areas and angles, based on the spatial orientation of the bunkers’ loopholes.
This task was challenging, especially when the studied bunker was filled or partially covered by soil,

allowing only external survey.

To obrtain the crucial properties above, we had to perform a challenging data processing. The ALS and TLS
point clouds had to be matched as precisely as possible; CloudCompare 2.10 software was used in this process.
There are significant differences between the two datasets due to their different survey dates, surrounding
vegetation and spatial resolution, therefore, it was necessary to identify corresponding connection points and
carry out a manual fitting process. The ALS point cloud contained only a limited number of well-identifiable
points of the concrete surface elements. Typically, these included the points from complementary parts of
the fortifications, such as artificial slopes, screen walls or the approximate boundary lines of the bunkers. To

extract these small areas, elevation-based thresholding of the point cloud was applied (Figure 6).

+

Figure 6:  CAD models and the elevation-based thresholding ALS point cloud that reveal the suitable points and areas for the
approximate fitting of the TLS data.

These small areas provided the basis of both approximate and precise fitting of the TLS point clouds. These
identifiable elements were also partially covered by dense vegetation, which varied between the different stud-
ied objects, therefore, points of the surrounding terrain surface were used to improve fitting. Consequently,
the precise manual fitting process has focused on selecting clearly identifiable objects and environmental
details rather than on improving the global accuracy. The relevant section was extracted from the ALS point
cloud and the higher vegetation points were removed. The previously cleaned TLS point cloud was aligned
iteratively to the ALS data based on a set of key points, then the 3D models fitted to the co-registered TLS
data. The quality of the fittings varied; for objects with typical subsurface parts, the average value of the
cloud-to-cloud distances was 50 cm or higher. However, in case of terrain and bunker segments visible in
both datasets, it was around 25 cm or lower (Figure 7). Given the circumstances that not only static man-
made objects were used for registration and datasets were captured at different times, accuracy values were
acceptable for the small-scaled reconstruction. The digital terrain model (DTM) of the study area was also
generated in QGIS from the ALS in GeoTIFF raster format with 1 m spatial resolution to enable the spa-
tial analysis of the defensive system. To map the area of the studied objects’ control and fire, we generated

viewshed raster layers from the DTM. The midpoints of the loopholes were defined as observer points. The
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definition of the firing angles and sweep areas is also based on the specific angles of loopholes, which could
be measured on the 3D models. Based on the military objects’ accurate position and orientation information,
this process enabled the determination and visualization of the exact sweep areas in a unified spatial system
and the investigation of the structure on this section of Hungarian Southern Defence System. Based on the
presented method, the entire defence system can be reconstructed, as about 20 different types of bunkers
have been implemented into it. If all types of bunkers can be surveyed and modelled, these detailed models
can be integrated multiple times into ALS based DTM, where the given type occurs.

C2C absolute distances
31

29

27

25

23

21

20

os

0.6

0.4

0.2

0.0

Figure 7: The resulted cloud-to-cloud distances (m) after the fitting of the ALS (red) and TLS point cloud.

3 THE RESULTS OF THE RECONSTRUCTION

In the analysed section of the Hungarian Southern Defence System near Majs, there were 4 different
types of bunkers, 7 in total according to historic military map (Figure 1 A): 3 infantry shelters, 2 machine
gun positions, 2 anti-tank gun positions. During field survey only 3 of them could be found. In other
cases, the environmental signs indicated the former existence of the objects, but these bunkers were
either demolished or completely filled in and covered with soil. The remaining bunkers were surveyed
and identified. The fourth surveyed object (Figure 8 D) was a single bunker 7 km far from the study
area (45°56’44.86”N; 18°40°58.97”E), not analysed in this study together with the other ones. 3D
CAD models were created for all four bunkers to compare archive detailed floor plans with their current
state (Figure 8 A-C). Furthermore, the three reconstructed bunkers near Majs enabled GIS analysis of
the defence system. The analysis of the measurements and the 3D models showed that the built objects
followed the main structure of each type, but there were differences in some internal dimensions in
each case. These modifications — typically 10-20 cm — did not affect the functionality of the military
objects. The accuracy of the 3D models (2 cm or less) derived from TLS point clouds was an order of

magnitude lower than the detected modifications. Missing but presumably existing parts of the objects
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were represented with discontinuous elements, as in the case of the 360-degree firing direction position
p g g p

of an anti-tank gun (Figure 8 C).
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Figure 8: The 3D CAD models of the surveyed bunkers (A: A/20 type anti-tank gun position, B: A/10 type machine-gun po-
sition, C and D: A/16 type anti-tank gun position and shelter) and their detailed building plans (Collection of type
fortifications and their camouflage, 1951).
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In addition to the presentation of exact sizes, these models were also used to study the actual fire direc-
tions and sweep areas. Thus, after integration into a GIS database together with the DTM, a detailed 3D
analysis of the tactical system of the study area was possible (Figure 9). After fitting the specific object
models to the terrain and considering the orientations and the elevations of the loopholes the sweep areas
were obtained both vertically and horizontally. The difference between the previously mapped and the
reconstructed fire directions was about 10°, while between the fire angles it was even 20°. The presented
(Figure 10) fire ranges are limited to 600 m in the case of machine guns, and to 1000 m in the case of
anti-tank guns. The obtained GIS reconstruction consists of improved positions and orientations of the
certain fortification elements, so a realistic presentation or even animation can serve and support histori-
cal, educational, and touristic purposes (Figure 10). Despite the limited time and equipment available,
the results have demonstrated the potential and efficiency of the applied data and method for a future
reconstruction of the entire defensive system. Unfortunately, currently only four bunkers could be

captured during the 1-day survey, the further data processing and analysing took approximately a week.

Figure 9:  Machine gun position in the field (left), in the fitted ALS and TLS point cloud (middle), and in the GIS reconstruction (right).
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0 100 200 300 400 500 m

Figure 10: 3D GIS reconstruction of the study area with the sweep areas and the bunker models.

4 CONCLUSIONS

There are several examples where GIS has been employed in the reconstruction of military objects from
different periods (Cavero, 2020; Pattee et al., 2017; Juhdsz, 2004). In our recent research, the fortified
objects of a typical section of the Hungarian Southern Defence System were studied and reconstructed.
GIS provided a unified framework for processing and analysing spatial data with different spatial and
temporal characteristics. In addition, it enabled multi-scalar investigation, which is essential in military
reconstructions. Both a tactical and a strategic review of the study area are necessary to obtain a reliable
and objective result. Although the selected defensive system is well documented based on archive military
maps and object plans, integrated ALS and TLS surveys were required to model the current conditions
of the remaining objects. Our main objective was to develop an efficient method that would utilise the
available spatial data and have the potential to extend its use to the entire Southern Defence System area.
The most challenging part of the work was the field survey, which was hampered by extremely dense
vegetation, and made the adjustment of the ALS and TLS point clouds difficult. Detailed 3D models
of the system’s existing bunkers were created and compared with previous plans. It also allowed us to
examine the deterioration level of the selected military objects. In order to analyse the tactical concept
of the selected section, the exact positions and orientations of the objects are required. Only limited
areas of the objects could be identified in the ALS data, but due to the regulated bunker type designs the
detailed TLS data could be fitted with appropriate quality. The sweep areas were extracted and presented

in GIS to update the previous tactical maps.
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The experience gained from this study showed the potential of the applied method in the reconstruction
of 20th century military objects that can be even extended to the whole defensive system. The integration
of numerous 3D bunker models along hundreds of kilometres of the Southern Defence System allows the
use of GIS reconstruction in multiple applications. The advantage of the presented method is that each
bunker type only needs to be surveyed once and can be accurately matched several times based on details
identified in the aerial scanning data. Thus, fieldwork can be minimized since during the construction
of the defence system approximately only 20 types of bunkers were built. Obviously, some bunkers in
good condition should be surveyed to develop detailed 3D models and the approximate locations of the
bunkers are also needed to integrate the models into the DTM. The reconstruction accuracy is within a
few decimetres, due to the very dense vegetation cover, however, the result has a significantly enhanced
accuracy compared to only using archive sources.
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