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Abstract
Cultural landscapes are those that are shaped through the combined forces of cultural and natural activity, typically over a 
long period that may reach back to historic and prehistoric times. Amongst these, the documenting, modelling and visualisa-
tion of cave landscapes have always been particularly important for scientific communities such as speleology. In the current 
state of the art, terrestrial laser scanning provides a level of documentation of objects whose accuracy cannot be achieved 
by conventional methods. In addition to the highly accurate metric and geometric information, visual information brings 
incredible richness to the presentation of data. Virtual reality (VR) allows individuals to immerse themselves within virtual 
environments to explore monuments and other cultural heritage sites up close. More and more, VR systems are available at 
lower prices and are not only limited to VR labs. In this paper, we present research on the generation of a virtual 3D model 
of the İnceğiz caves, located at the Çatalca district of Istanbul, Turkey, and its integration within the Unity 3D game engine. 
This project, carried out as a collaboration between BİMTAŞ, a company of the Greater Municipality of Istanbul, Turkey 
and the Photogrammetry & Laser Scanning Lab of the HafenCity University Hamburg, Germany, aimed at developing an 
immersive and interactive VR visualisation of the cave for the HTC Vive Pro VR system. The entire workflow, from data 
acquisition to VR visualisation, is described here in detail with particular emphasis given to the 3D modelling of the cave 
and its integration within a VR environment.
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Zusammenfassung
Die Bewahrung des Wissens über die Vergangenheit durch virtuelle Besuche: Vom 3D-Laserscanning bis zur Visualisierung 
der Çatalca İnceğiz Höhlen bei Istanbul durch Virtual Reality. Kulturlandschaften werden durch vereinte Kräfte kulturel-
ler und natürlicher Aktivitäten geformt. Sie haben oft eine lange Geschichte, die bis in historische und prähistorische 
Zeiten zurückreicht. Zu den Kulturlandschaften gehörten schon immer auch Höhlenlandschaften, die für wissenschaftliche 
Fachgebiete wie Speläologie (Höhlenforschung) von besonderer Bedeutung sind, und daher dokumentiert, modelliert und 
visualisiert werden. Derzeit ist das terrestrische Laserscanning dafür Stand der Technik, da es eine sehr gute geometrische 
Dokumentation mit einer bislang als unerreichbar geltenden Genauigkeit erlaubt. Zusätzlich zu den hochpräzisen metrischen 
und geometrischen Informationen unterstützt die visuelle Information (Farbe) eine hochwertige Visualisierung. Die virtuelle 
Realität (VR) ermöglicht es dem Einzelnen, in die virtuelle Welt einzutauchen und Umgebungen von Denkmälern und andere 
Stätten des Kulturerbes aus nächster Nähe zu erkunden. Immer mehr VR-Systeme sind heute für wenig Geld verfügbar und 
daher nicht mehr nur auf VR-Labore beschränkt. In diesem Artikel stellen wir Untersuchungen zur Erstellung eines virtuellen 
3D-Modells der Höhlen von İnceğiz im Stadtteil Çatalca in Istanbul, Türkei, und dessen Integration in die Unity 3D-Spiele-
Engine vor. Dieses Projekt wurde in Zusammenarbeit mit BİMTAŞ, einem Unternehmen der großen Stadtverwaltung von 
Istanbul, und dem Labor für Photogrammetrie und Laserscanning der HafenCity Universität Hamburg mit dem Ziel durch-
geführt, eine immersive und interaktive VR-Visualisierung der Höhle für das VR-System HTC Vive Pro zu entwickeln. Der 
gesamte Datenfluss von der Erfassung bis zur VR-Visualisierung wird hier ausführlich beschrieben, wobei der Schwerpunkt 
auf der 3D-Modellierung der Höhle und der Integration in eine VR-Umgebung liegt.

1  Introduction

The mapping and modelling of complex cave geometry is 
traditionally a challenging task. Since the foundation of spe-
leology as a scientific discipline, various methods for map-
ping caves have evolved in line with advances in surveying 
instruments. Basic methods were the freehand drawings, fol-
lowed by the use of simple traditional surveying instruments 
such as compasses, tapes and clinometers. The introduction 
of total stations led to improvements in accuracy when 
capturing these complex geometries. Whilst image-based 
photogrammetric surveying can also be used for caves, the 
difficulty of achieving homogeneous lighting conditions is 
a limiting factor. In recent years, high-resolution terrestrial 
laser scanning (TLS) technology has revolutionised cave 
surveying by enabling the 3D mapping of such complex 
environments.

Turkey was crucible for numerous civilizations that 
shaped human history and boasts a wealth of tangible and 
intangible cultural heritage. The soil underfoot is itself a 
complex layered record bearing the oldest known traces of 
humanity. Excavations at Istanbul’s Yenikapı have placed 
Istanbul’s origin at around 8000 years ago, while discov-
eries at Göbeklitepe in Urfa have recovered remains some 
12,000 years old. These discoveries have led to the rewrit-
ing of world history (Ulusoy Binan 2017). The inventory of 
cultural assets is increasing with the discoveries added every 
day in Istanbul. These cultural heritage resources, which 
are the common asset of humanity, must be protected and 
documented to be transferred to future generations. In this 
respect, BİMTAŞ, a company of the Greater Municipality 
of Istanbul, generated a virtual 3D model of the İnceğiz cave 
for the Istanbul City Government, with the aim of promoting 

the monument to tourists. This 3D model has been processed 
in collaboration with the Photogrammetry & Laser Scan-
ning Lab of the HafenCity University Hamburg, Germany, 
to develop a VR application for the immersive and interac-
tive visualisation of the historic caves in Istanbul using the 
new HTC Vive Pro VR system as a new kind of knowledge 
dissemination.

2 � Previous Work

Numerous studies have been carried out with the help of 
TLS technology since its invention. A detailed and compre-
hensive review of these can be found in Mohammed Oludare 
and Pradhan (2016). However, some of them will be men-
tioned here to show the content and the aim of the previous 
survey projects.

Gonzalez-Aguilera et al. (2009) provide detailed descrip-
tions about their laser survey of two complex and irregu-
lar Palaeolithic caves: Las Caldas and Penade Candamo in 
Oviedo, Spain. A medium-range terrestrial laser scanner 
based on a time-of-flight principle Trimble GS200 scanner 
(scan density of 20 mm) was used together with the high-
resolution Sony DSC F828 digital camera for data acquisi-
tion inside the caves. From these data were produced cross 
sections, triangular meshes, 3D surface models, and colour 
ortho-images. In addition, virtual fly-throughs including 
visualisations of intensity point clouds, wireframe models 
and textured models were generated. A total of 2 months 
were required to complete the recording and modelling of 
Las Caldas and Pena de Candamo caves.

Buchroithner and Gaisecker (2009) discuss the 3D 
surveying of two large cavities, with somewhat complex 
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geometry, in the Dachstein cave, Styria, Austria. The laser 
scanner Riegl Z-420i was used for data acquisition, while 
the point clouds of overlapping laser scans were registered 
using the software RiScan Pro. After registration, triangulat-
ing the point cloud results in a 3D surface model, which was 
then used for volume calculation, contouring and profiling. 
This model represents a database for the modelling of well 
discharges in karst hydrology and photo-realistic visualisa-
tions. The authors note the challenges of working in the cave 
due to its temperature, air humidity, dirt and dripping water 
in addition to the transportation of the heavy scanner Riegl 
LMS Z-420i through its 60 m length.

The Wonderwerk Cave in South Africa was fully scanned 
with a Leica scanner HDS3000 and a 3D model was gener-
ated as part of the African Cultural Heritage Sites documen-
tation project (Rüther et al. 2009). The output allowed the 
generation of sections through the 3D model along any cho-
sen axis and at any location, in both point cloud and surface 
format. In this way, areas and volumes of any section of the 
cave and the surrounding hill can be determined to derive 
the overburden of the cave. In addition, 3D visualisations 
could be made from any selected point within and outside 
of the cave. Furthermore, projecting images over parts of the 
surface or the entire surface allowed excavated sections and 
rock art, among other features, to be shown.

Lerma et al. (2010) present the 3D laser scanning of Par-
pello cave in Valencia, Spain. The cave houses more than 
5600 carved and painted plaques, spanning an archaeo-
logical time frame of more than 1000 years. The TLS data 
acquisition of the Parpello cave site was conducted using 
a Faro LS 880HE scanner. During scanning, photos of the 
whole cave were taken by Canon EOS D60 camera with the 
resolution of 3072 × 2048 pixels using a Sigma wide-angle 
lens with a focal length of 15–30 mm. The software Faro 
Scene was used for point cloud processing. For triangular 
meshing, 3D solid model and photo-realistic model genera-
tion, the in-house software FotoGIFLE, developed by the 
Photogrammetry and Laser Scanning Research Group at the 
Polytechnic University of Valencia, was used. The authors 
conclude that photo-realistic 3D models were superior to 
2D digital images in allowing users to manipulate the data 
immediately in 3D. This type of 3D documentation may help 
with future interventions inside the cave, where the use of 
2D data on its own may be restrictive.

The archaeological Bronze Age cave “Les Fraux” in Dor-
dogne, France, is likely one of the most studied caves in 
Europe, with a large interdisciplinary research team (Grus-
senmeyer et al. 2012). The cave consists of a network of 
constricted horizontal corridor adorned with a range of 
historical artefacts including ceramics, metal deposits, fire-
places and parietal engravings meticulously placed over a 
distance of more than 1000 m. Documentation work began 
in 2007 and lasted 6 years (Burens et al. 2013). Three laser 

scanners (FARO Photon 80, FARO Focus3D and Trimble 
Spatial Station) and close range photogrammetry were used 
to produce the geometric and virtual 3D model of the cave 
(Grussenmeyer et al. 2010; Grussenmeyer and Guillemin 
2011). In line with the objectives to deliver a system that 
would be useful for the highly multidisciplinary team, Grus-
senmeyer et al. (2012) proposed an adaptable recording and 
processing workflow to integrate information collected at 
different scales within the 3D model of the cave. Burens 
et al. (2013) further demonstrated the possibility to combine 
data by merging topographic, archaeological and magnetic 
information in the same visualisation system.

Cosso et al. (2014) conducted a detailed exploration of 
Pollera cave with the aim of improving and promoting tour-
ism in this area as well as updating the available data by 
3D surveying the more accessible rooms. The survey was 
carried out using a Z + F IMAGER® 5010 laser scanner, 
while the registration of point clouds was executed using 
the Z + F LaserControl®. Subsequently, two different free 
and open source software packages, MeshLab and Cloud-
Compare, were used for filtering, merging and meshing the 
point clouds. Using this 3D model, cartographic datasets 
such as vertical or transversal sections can be extracted, as 
well as areas and volumes calculated. In addition, the model 
may be used in multimedia products such as movies, images 
or scenes for 3D virtual tours, also considering that many 
activities of HD video filming have already been carried out 
in this context.

Zlot and Bosse (2014) present the SLAM-based mobile 
mapping of Australian Jenolan and Koonalda caves using 
Zebedee handheld system consisting of an infrared laser 
scanner Hokuyo UTM-30 LX (wavelength 905 nm) mounted 
on a suspension. This system includes a MicroStrain 3DM-
GX3 industrial grade MEMS IMU. In addition to the hand-
held device, Zebedee hardware includes a small laptop for 
sensor operation and data logging. A lithium-ion battery 
pack, which provides more than 10 h operation, powers 
both sensor and laptop. The scanning device is held in the 
operator’s right hand, while a battery pack and a small laptop 
for data recording are carried in a backpack. The 3D point 
cloud mapping of the Jenolan caves involved some 15.5 h of 
data collection over a 17.1 km traverse, resulting in a point 
cloud of more than 2.7 billion points. Unlike many of the 
caves at Jenolan, Koonalda cave does not contain significant 
speleothem formations, and typically it is fairly dry, with the 
notable exception of lakes in the lower level. The 3D water-
tight surface model of this cave consists of approximately 
300 million points. This study is a good example of the use 
of mobile laser scanning systems in conditions where GNSS 
is not available.

Gallay et al. (2015) note the advantages of using terres-
trial laser scanning to rapidly map the complex system of the 
Domica Cave in Slovakia. They use the Faro Focus3D S120 
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scanner for scanning and the Faro Scene software for data 
processing and georeferencing. The semi-automatic regis-
tration of all scans was carried out using reference spheres 
placed in each scene with an overall accuracy of 2.24 mm 
(RMSE). The 3D cave surface model was generated from a 
registered laser point cloud for volumetric and spatial analy-
ses in a GIS platform.

Basantes et al. (2017) describe the generation of a 3D 
model of the Elvandi cave, located in the province of 
Napo, Ecuador, using a Faro Focus3D laser scanner. For 
data processing, Faro Scene software was used. A virtual 
model was generated using Revit, allowing users to interact 
with the environment. The virtual environment measures 
approximately 200 m in length and has an average precision 
of 4.14 mm from the pairs of scans, allowing the irregu-
lar path of the cave to be accurately depicted. The original 
point cloud contains 300 million points and a data volume 
of almost 10 Gbyte, though filtering reduced the data to 27 
million points and two Gbyte.

Shults et al. (2019) present the mapping of the Kyiv Per-
hersk Lavra cave, located under an orthodox monastery in 
the Ukraine. The total length of the caves is around 450 
metres. Laser scanning was carried out with a Leica Scan-
Station and the scans processed using Cyclone 5.6, with an 
RSME of 4 mm for scan registration. Using the entire 3D 
point cloud, a Triangular Irregular Network model was gen-
erated with a grid size of 50 mm and 25 mm, respectively. 
A 3D solid model and a plan with the scale 1:500 including 
cross sections were generated using the software Realworks 
Survey. The authors claim that the laser data obtained plays 
an important role, besides the above-mentioned purpose, in 
preserving the historical and cultural heritage. In the future, 
these data can also serve as the basis for creating a 3D BIM 
of the cave complex, as suggested in Banfi et al. (2017) and 
Dore and Murphy (2017). In addition, a 3D interactive GIS 
model of the cave complex may be produced.

Considering the studies described above, it is immediately 
clear, to the authors’ knowledge, that the 3D recording and 
visualisation of cave monuments have not received extensive 
research. Although a recent publication by Nocerino et al. 
(2019) focusses on the 3D visualisation of the underground 
semi-submerged cave system “Grotta Grusti” in central Italy, 
little information concerning the VR implementation steps 
is presented in the paper, as well as lacking a full discussion 
of the challenges. Their study used a Leica HDS7000 time-
of-flight continuous wave laser scanner for the dry entrance 
part of the cave, while the semi-submerged parts of the cave 
were surveyed photogrammetrically by a stereo-camera sys-
tem consisting of GoPro Hero4 cameras mounted on a rig. 
Two image strips above and five strips below the water with 
around 60–80 percent overlap were acquired. For the rest 
of the chamber (those parts far from the water level, such 
as the ceiling), images taken by a Nikon D750 camera in 

a NiMAR water proof housing and coupled with a more 
powerful strobe unit were utilised. From these data, a fully 
merged and textured model of the whole cave (above and 
under water) was able to be generated. Using this photoreal-
istic 3D model, an immersive virtual tour was realised using 
the Unity game engine. This VR experience was shown to 
increase the sense of presence of the user within the environ-
ment and to allow a better appreciation of the smaller details 
of the underground structures.

Virtual Reality (VR) offers an attractive opportunity to 
visit objects or places of the past (Deggim et al. 2017a) that 
today remain difficult to access, often from perspectives that 
are impossible to experience in real life. Moreover, these 
powerful features are increasingly being implemented and 
extended in the context of so-called “serious games”, which 
seek to create entertaining educational experiences (edutain-
ment) through embedding information within the virtual 
world and constructing narrative and interactive dimensions 
of the experience (Anderson et al. 2010; Mortara et al. 2014; 
Liarokapis et al. 2017).

Cultural heritage sites make ideal subjects for realis-
tic interactive visualisations in Virtual Reality as they are 
already the focus of tourism, whether they are landmarks 
themselves or exhibited in museums. Several examples of 
the VR visualisation of historical spatial data have already 
been published. Gaitatzes et al. (2001) present visits to 
objects in the past as an attractive opportunity using CAVEs. 
One of the first virtual museums, presenting an old town 
house in the town of Bad Segeberg, was developed for the 
HTC Vive Head Mounted Display (HMD) (Kersten et al. 
2017b). Two historic towns (as well as the surrounding land-
scape) were also reconstructed as VR experiences: Duisburg 
in the year 1566 (Tschirschwitz et al. 2019b) and Segeberg 
in the year 1600 (Deggim et al. 2017b). Two religious cul-
tural monuments are also available as VR experiences: the 
Selimiye mosque in Edirne, Turkey (Kersten et al. 2017a) 
and the wooden model of Solomon´s temple (Kersten et al. 
2018). In addition, more recently, a virtual model of an Otto-
man fortress, Rumeli Hisarı, located at the Bosphorus in 
Istanbul, has been built for VR and shown at several exhibi-
tions (Tschirschwitz et al. 2019a). Edler et al. (2018) present 
a workflow for constructing an interactive cartographic VR 
environment for the exploration of urban landscapes. Large 
landscapes have also formed the subject of interactive VR 
visualisations, such as that of the arctic Clyde inlet in Can-
ada (measuring 160 by 80 km in size) (Lütjens et al. 2019).

3 � The İnceğiz Caves of Istanbul

Among the numerous ancient ruins in the region of the 
Çatalca District on the European side of Istanbul are the 
İnceğiz caves, carved out of the rocks in the Karasu valley 
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(Fig. 1). This cave system, which consists of five groups of 
cave structures, is known to have served as a cave monas-
tery and rock church (Dirimtekin 1957). The İnceğiz caves, 
which were formed by processing and enlargement of natural 
rock cavities by people throughout years, were used as a liv-
ing and praying area by them.

Today, there is much excavation and research activity in 
this region, and archaeological sites continue to be identi-
fied and recorded (Aydıngün et al. 2015). The wider area of 
the caves, containing an ancient settlement, a necropolis, an 
ancient road, waterways and a water source was declared 
a first-degree archaeological site by the Cultural Heritage 
Conservation Board No. 2 in 1994. The archaeological find-
ings suggest that the settlement was active between the end 
of fourth and beginning of fifth centuries A.D. (Pasinli et al. 
1994).

According to excavations and surveys conducted in the 
region, Maltepe is understood to have been a Thracian vil-
lage, inhabited during the Hellenistic and Roman periods 
(fourth century B.C.–fourth century A.D.). It is thought 
to have been associated with the cult of Aphrodite, and to 
have had a close commercial relationship with the cities of 
Byzantion and Perinthos (Pasinli et al. 1997). The artefacts 
found in this region are currently exhibited in the Istanbul 
Archaeological Museum.

Human occupation of the natural İnceğiz caves are 
thought to have started with the settlement of the area in 
the twelveth century B.C. Beginning in the fourth century 
A.D., the caves were used as monasteries. The eleventh 
and twelveth centuries witnessed the most intense use of 
these monastries, seeing the building of additional floors 

in the caves. During this period, the caves became a place 
of worship for Byzantines. The caves ceased functioning 
as monasteries at the start of the fourteenth century A.D. 
(Dirimtekin 1957).

During the 1970s, the caves were subject to illegal exca-
vations, as well as being used as a film set for several mov-
ies. It is understood that nobody took care for their conser-
vation during this period. In the 2000s, the area began to 
be used as a recreation area, with the laying out of cycling 
and walking routes, despite the imperative that the caves be 
preserved naturally within the wider context of their cul-
tural landscape. The erodible nature of limestone and lack of 
security in the region nonetheless led to the structure being 
damaged. Renewed conservation efforts began in 2018 with 
the documentation and the re-evaluation of the area as a 
cultural landscape.

In total, there are five groups of cave structures in the 
region. However, in this paper, only the first group of the 
caves (Fig. 1) is considered, though documentary work for 
the other caves is under way. In the following section, the 
structure of the first cave group is introduced in detail. The 
cave was carved into a limestone block rising at a 90° angle 
to the Karasu creek near the village of İnceğiz. Over time, 
it was expanded to become a 5-storey structure through 
enlargement of the natural rock cavities by humans. In sub-
sequent years, however, it was significantly eroded by the 
environment. The cave has two façades to the west and north 
(Fig. 2, left and centre). The remains of stairs leading up to 
the second floor on the front façade indicate that the exit/
entrance to the upper floors of the original cave was here 
(Fig. 2, right).

Fig. 1   Location of the İnceğiz caves complex near Çatalca in the western part of Istanbul, with Cave Group 1 on the right (working area shown 
here in red)
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Today, access to the first and second floor is provided by 
wooden stairs, added later. From the south part of the cave, 
it is possible to climb to the upper parts (Fig. 3, left). Three 
large niches are carved into the stone at the entrance level, 
and are directly accessible from the outside (Fig. 3, right).

On the ground floor are located four rooms, including 
a side room, worship area, corridor and a further room. 
Access to the worship area is via a staircase carved in 
the rock (Fig. 4, left). The worship area (measuring about 

28 × 9 m2 in size) consists of a central apse and two adja-
cent apses. Due to the shape of the rock, these apses are 
not completely aligned. There are cavities in the apse 
walls. The side walls of the apse end at the ground and the 
ceiling continues forward (Fig. 4, centre). In this room, a 
niche was carved into the wall located in the south of the 
chamber above a basin carved into the floor, which was 
thought to have been a baptismal font (Fig. 4, right). The 

Fig. 2   Group 1 caves—west façade (left), north façade (centre), and remains of staircase (right)

Fig. 3   Wooden ladder added later (left) and entrance level niches (right)

Fig. 4   A rock staircase (left), worship area (centre) and baptismal font (right)
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writing visible on the walls is unfortunately due to visitors 
without any regard to the history of the site.

The openings of the cave are now closed off with chain 
railings (Fig. 5, left). A steep staircase leads to the first floor 
from the ground floor (Fig. 5, centre). Another room on 
the ground floor can be accessed using a wooden staircase 
(Fig. 5, right).

A staircase from the first floor leads to the second (Fig. 6, 
left), where a worship area was carved out (Fig. 6, right). 
This space was used for praying.

The third floor faces south-east (its location is shown by 
red circle in Fig. 7, left). This floor is thought originally to 
have had two chambers, but due to the lack of intermediate 
walls today, only one chamber is visible with a floor height 
of 2.45 m. Figure 7 (middle and right) show the entrance of 
the third floor and its apsis.

4 � Workflow

The following workflow was developed to generate a 
detailed virtual 3D model of the complete cave structure: 
(1) data acquisition by terrestrial laser scanning with a Riegl 
VZ-400 scanner, (2) registration and geo-referencing of 
scans using RiScan Pro, (3) segmentation of point clouds 
into tiles in RiScan Pro, (4) re-organisation of point cloud 
tiles in ReCap as preparation for modelling in 3ds Max, (5) 
3D solid modelling with 3ds Max using segmented point 
clouds, (6) texture mapping of polygon models using 3ds 
Max, (7) data conversion for import into the Unity game 
engine, (8) integration of motion control and interactions 
in Unity, and (9) immersive and interactive visualisation of 
the cave in the VR system HTC Vive Pro using Steam VR 
2.0 as an interface between the game engine and the HMD.

Fig. 5   Chain railings (left), 
stairway from ground to first 
floor (centre) and wooden stair-
case (right)

Fig. 6   Stairs leading up to second floor (left), and second floor main 
worship space (right)

Fig. 7   Third floor location (left), third floor entrance (centre), third floor apse (right)
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5 � Laser Data Acquisition and Processing

The scanning of the cave structure (1st group), an area 
of approximately 3500 m2, was performed in July 2018 
using a single terrestrial laser scanning system, the Riegl 
VZ-400, and four staff members from BİMTAŞ (Fig. 8). 
In total, 46 scans of the interior and 50 scans of the exte-
rior of the cave were acquired using a scanning density 
of 4 mm@50 m in average (point density of 4 mm at a 
distance of 50 m).

Only on some scan stations were reflective targets used 
to geo-reference the point cloud. For the later colourising 
of the laser scanning point clouds, an integrated Nikon 
D610 camera was used on top of the Riegl scanner tak-
ing five images in 360° view per scan. Figure 9 shows the 
colourised point clouds of the interior and exterior of the 
cave, respectively. All scans have been registered with a 
precision of about 2–3 mm in the Riegl RiScan Pro soft-
ware. In total, a data volume of 67 Gbyte, consisting of 
636 million laser points, was produced and subsequently 
processed in RiScan Pro over approximately 1 week by 
two people. To geo-reference the laser scan point clouds 
for the interior and exterior of the cave, as well as to 

integrate the data into the national coordinate system, a 
3D geodetic network including the reflective targets was 
measured by electronic total stations and GNSS before 
scanning. During the scanning, some parts of the cave, 
which were not accessible from the ground, were scanned 
from a crane (Fig. 8, right).

Following the processing stage, the point cloud was sec-
tioned with different cutting planes along horizontal and ver-
tical planes. Figure 10 shows the extracted cross sections. 
ZMap software from Menci Software Srl (Arezzo, Italy) was 
used to generate 2D CAD drawings of the cave structure. 
Figure 11 (left) shows a technical drawing from a perpen-
dicular view of the outer façade of the cave. Figure 11 (right) 
shows an aerial view of the cave and the surrounding area 
including the creek, road, green areas and ladders.

6 � 360‑Degree Panoramic Gigapixel 
Photography

To document the site in more detail, 360° gigapixel pho-
tography was employed in addition to laser scanning and 
3D modelling. For this, a Canon EOS 7D Mark II camera 

Fig. 8   Terrestrial laser scanning using the Riegl VZ-400 inside (left), outside the cave (centre) and in hard-to-reach areas using a crane (right)

Fig. 9   Colourised point cloud data from TLS outside (left) and inside the cave (centre and right)
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with a Canon EF 70–200 mm f/2.8 zoom lens was used. 
This camera features a 20.2 megapixel CMOS sensor, 
resulting in 5472 × 3648 pixels per photo. A full 360° 
panorama shot was taken automatically with Roundshot 
VR in about 10 min, excluding the time needed for setting 
up the device for image acquisition.

To fully document the cave system, 63 camera stations 
were used outside and 138 inside the cave. The panorama 
photos include related XML files generated by the VR drive, 
allowing us to define the exact position of every image as 
well as the image capture sequence. The stitching of the 
panorama photos was carried out using the software PTGui 
from New House Internet Services B.V. (Rotterdam, The 
Netherlands), aided in problematic areas by manual control 
point measurements. To maintain the high resolution, each 
panorama image was exported with .psb extension, which 
could then be imported into Adobe Photoshop for further 
processing (including colour and illumination corrections). 
The data volume of each panorama generated is approxi-
mately 422.5 megapixels.

After image processing, all panorama photos with the .
psb extension were then further processed by the software 
Panotour Pro, from Kolor, to convert the large image files 
into smaller mosaic tiles suitable for being viewed on the 
internet as 360° panoramas using 3D glasses or in browser. 
Two examples of the panorama photos are shown in Fig. 12. 
These gigapixel panoramas were also used to provide addi-
tional visual information about the cave structure for more 
accurate 3D modelling.

7 � 3D Solid Modelling

The final 3D model of the entire cave structure, as illustrated 
in Figs. 13 and 14, was built over the course of 3 months by 
two employees. Geo-referenced point clouds were imported 
into Autodesk ReCap and Geomagic studio (for the smaller 
details) to generate the 3D meshes. These meshes were then 
used as the basis for solid modelling in 3ds Max, to derive 
the final 3D model and associated CAD drawings. Similar 
workflows have already been presented elsewhere by Dursun 
et al. (2008), Kersten et al. (2009) and Kersten et al. (2017a). 

Fig. 10   Horizontal section (left) and vertical section (right) of the cave system in ZMap software

Fig. 11   2D CAD drawing and laser point cloud for the front façade 
(top) in ZMap software and architectural 2D CAD drawings present-
ing the situation plan (bottom)
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For the texture mapping of the solid 3D model of the 
cave, additional photographs were taken using a DSLR cam-
era Canon EOS 50D with an 18–55 mm zoom lens during 
the field campaign. A total of 300 photos were taken at a 
resolution of 4752 × 3168 pixels by two people in 3 days. 
These images were radiometrically enhanced in Photoshop 

before texture mapping. Using these image files, polygonal 
surfaces were mapped with the unwrap UVW modifier tech-
nique in 3ds Max.

8 � Generation of a Video Sequence

To generate a video sequence, the 3D model was exported 
as an FBX file for visualisation using the software Lumion 
from Act-3D B.V. in Warmond, The Netherlands. Lumion 
enables users to create videos and images without any prior 
training by editing the generated environment in real-time 
and by extremely fast rendering using GPU rendering tech-
nology. All atmospheric and light effects were prepared 
in this software before rendering. The complete rendering 
took 2 days using three computers with GTX 970 graphics 
card, 16 GB RAM and Intel i7 4700K processor. A video 
sequence of 5 min with the resolution of 1920 × 1080 pixels 
was produced in AVI format, producing a data volume of 
0.5 Gbyte. Four perspective views of the cave generated with 
Lumion are shown in Fig. 15.

9 � The Unity Game Engine and HTC Vive Pro 
VR System

The Unity game engine was used to realise the Virtual 
Reality experience. A game engine is a software frame-
work designed for the creation and development of video 
games for consoles, mobile devices and personal computers. 
The core functionality typically provided by game engines 
include a rendering engine allowing 3D models and spatial 
data to be displayed as 2D or 3D graphics, a physics engine 
or collision detection (and collision response) for the interac-
tion of objects, and an audio system to emit sound, scripting, 
animation and networking. Game engines offer the ability 
for users to control the course of the game or simulation 
through interaction and are furthermore responsible for the 
entire visual appearance of the virtual world.

The solid 3D model of the cave was transferred as an.fbx 
file to Unity. The exported model had 650,642 polygons, a 
figure small enough to guarantee sufficient computer per-
formance during VR visualisation. The final scene was 
exported as an executable file for the HTC Vive Pro VR 
system, as illustrated in Fig. 17.

The HTC Vive Pro (developer.vive.com) is a Virtual 
Reality headset (Fig.  16) for room-scale VR. BİMTAŞ 
bought this system for a price of about 1500 EUR in March 
2019. Basic components are the headset for the immersive 
experience, two controllers for user interactions and two 
base stations for tracking the user’s movement. The principal 
development from previous versions of this headset is the 
improved cable management. In particular, the big bundle of 

Fig. 12   Gigapixel panorama of the cave—outdoor (top) and indoor 
(bottom)

Fig. 13   3D interior model generated from the point cloud in 3ds max



143PFG (2020) 88:133–146	

1 3

cables that were positioned from the top of the wearer’s head 
to the middle top of the goggles has been replaced in the 
Vive Pro with a slim cable neatly routed around the left side 
of the headset and connecting to the left side of the goggles.

The technical specifications of the HTC Vive Pro are 
summarised in the following: (a) dual AMOLED 3.5″ diag-
onal screens with a field of view of approximately 110°, 
one per eye, each having a display resolution of 1440 × 1600 
pixels with a refresh rate of 90 Hz, (b) positioning sensors 

including gyroscopes, (c) 6 by 6 m tracking space for user 
operation using two base stations for 360° tracking volume, 
(d) SteamVR 2.0 running on Microsoft Windows as the plat-
form/operating system, (e) two wireless motion controllers, 
(f) Vive Pro headset, on-ear headphones and dual integrated 
microphones to enable better input and collaboration, and 
(g) QC powerbank (which powers the headset via wireless 
adapter), connection cable and the kit together with extended 
head pillow for wireless adapter. Figure 17 (left) shows the 

Fig. 14   Modelling process of the cave—meshing (top left), rendering (top right) and texture mapping (bottom left) in 3ds max and the final col-
oured Unity scene of the VR application (bottom right)

Fig. 15   Interior and exterior views of the cave generated in Lumion software for a video sequence
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Virtual Reality System HTC Vive in action, while a user 
navigates through the cave model.

10 � The VR Implementation

The textured CAD model generated in 3ds Max was 
imported into Unity with several minor adjustments in the 
material parameters. Even with extensive research in the 
field of game engines and game design, the transformation 
of 3D models into game engines remains problematic. Fur-
thermore, the development of interactive virtual environ-
ments is both time consuming and technically a difficult 
task. Locomotion in VR is also an area of active research. 
McCaffrey (2017) gives an overview of various locomotion 
methods and their implementation in a different game engine 
(Unreal Engine 4). Most experiences implemented on this 
hardware, described in Sect. 9, use natural locomotion where 
real walking movements are translated into virtual move-
ments and the limitation of the tracked physical space is 
extended by teleportation. The movement feature was imple-
mented using the SteamVR package downloaded from the 
Unity asset store. The VR experience produced, therefore, 
offers the possibility to visit the cave from a realistic first-
person point of view, and employing intuitive interactions. 
It was, therefore, decided to allow the user to move freely in 

the space, rather than via a series of view points. To bridge 
long distances in the virtual space, a teleportation function 
was implemented (Fig. 17).

11 � Conclusions and Outlook

In this paper, we have presented the digital workflow from 
3D data acquisition to immersive visualisation of the cave 
system near İnceğiz, a town located in the west of Istan-
bul, Turkey. The İnceğiz cave is distinguished by having 
yielded some of the richest archaeological finds in Turkey, 
from the very early centuries B.C. up to the present time, 
and representing a variety of different uses by different cul-
tural groups. Terrestrial 3D laser scanning was carried out 
using a Riegl VZ-400 laser scanner, followed by the rigorous 
processing of the point cloud data using various software 
packages. Using 3D laser point clouds in combination with 
panoramic photographs, a solid 3D mesh model of the cave 
was generated. The Unity game engine was used to build 
an immersive Virtual Reality experience of the site for the 
HTC Vive Pro VR system. This VR system allows the users 
to enter, explore, and analyse the virtual cave environment, 
providing a high level of visual and corporeal immersion 
without the need to visit the site in person. The challenge 
of the project was to find a balance between the detail of 
the 3D mesh and the speed at which the 3D scenes were 
rendered in real time, to provide a smooth experience and 
avoid motion sickness. Cultural heritage monuments—his-
toric, non-existing, or remote—are ideal objects for immer-
sive VR application due to their already-existing importance 
as destinations and places of interest for potential users. The 
Çatalca region contains the material traces of many cultures 
that have occupied the area since antiquity. The caves near 
İnceğiz can be split into five separate groups. However, in 
this study, only the first group of the caves was documented 
and visualised. Work is to be continued on the other cave 
groups in the future.

This VR application is—to the knowledge of the 
authors—the first cave in Turkey and perhaps in the 
world to be visualised as a 3D immersive and interactive 

Fig. 16   The components of the virtual reality system HTC Vive 
Pro (www.vive.com)

Fig. 17   User action in the VR application experiencing the cave
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experience in Virtual Reality. The main aim of this study 
was to generate a virtual environment of the İnceğiz Cave 
to promote both the conservation of the natural heritage 
and local tourism through VR “field trips”. The sense of 
complete immersion in the scene increases the feeling of 
presence in the virtual environment and allows a more 
effective visualisation of the details in the cave. This vir-
tual documentation of the historic cave may serve as a 
means to facilitate public engagement with the site and 
as a tool for the public to understand the current situa-
tion of the cultural heritage monument. For Turkey and 
other countries seeking to generate an appreciation of their 
wealth of cultural heritage assets to boost tourism revenue, 
virtual reality may prove to be an extremely important tool 
for developing this industry. Other well-known cultural 
heritage monuments such as the Colosseum in Rome and 
the Florence Cathedral are already accessible online as 
VR applications for the HTC Vive or Oculus Rift using 
Google Earth VR.

Although the process of recording the data, the detailed 
modelling and photorealistic texture mapping of the cave 
environment for VR is complex and time consuming, it 
is an important and innovative step in preserving the cul-
tural heritage monument for the future. The workflow and 
study presented here can, therefore, be used as a prime 
example of and basis for a new form of documentation of 
Turkey’s many archaeological and cultural heritage sites 
and monuments. The VR experience of the 3D cave model 
will provide a better understanding of the cave environ-
ment and its history for interested visitors. Beyond that, 
this VR application can be used for educational purposes 
for students and researchers in the field history, archaeol-
ogy, and architecture, among others. This will also sensi-
tise and encourage visitors and authorities to protect and 
restore other valuable monuments, therefore preserving 
cultural heritage knowledge for future generations. Look-
ing to the future, the integration of additional informa-
tion in the form of text, photos, video, sound, animations 
and user interactions, and even perhaps the integration of 
game mechanics or the development of a corresponding 
augmented reality application, may present itself as a new 
way of disseminating knowledge of the caves.
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