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Abstract

This paper describes an open source project https://github.com/MapsHD/HDMapping for large-scale 3D mapping using an
open-hardware hand-held LiDAR measurement device available at https://github.com/JanuszBedkowski/mandeye_controller
in application of large-scale heritage scenes acquisition and digitization. It implements multi view terrestrial laser scanning
algorithms, LiDAR odometry, Pose Graph SLAM (Simultaneous Localisation and Mapping), NDT (Normal Distributions Trans-
form) and ICP (Iterative Closest Point). Mobile mapping systems is based on LiVOX MID360 - laser scanner with non repetitive
scanning pattern equipped with equirectangular camera. This project runs from 2023, the current version v0.76 has significant
improvements in lidar odometry and georeferencing. The goal of the project is to provide an affordable mobile mapping system
and an open source software that can be widely used also by Culture Heritage community.

CCS Concepts

e Computing methodologies — LiDAR odometry, ICP, NDT, Pose GRAPH SLAM; » Hardware — LiDAR LiVOX MID360,

camera Insta360 X4;

1. Introduction

Digitalisation of Cultural Heritage in the Perspective of War and
Conflict Culture and its heritage is part of human’s tacit knowledge
manifested and or materialised through tangible symbols, artefacts
and architecture are crucial elements in maintaining identities, cul-
tural memories, know-how, knowledge and science of a given cul-
ture and traditions as part of a nation’s anthropological wealth. The
destruction of any of these tangible elements may contribute to the
loss of societal intangible culture and traditions which corresponds
to the changing nature of the societal way of seeing and thinking.
Hence, the interconnectedness between tangible heritage and the
intangible aspects of heritage will have to be considered as non-
negotiable for the well-being of a given culture, tradition and soci-
ety. A threat to one’s culture and tradition, is a threat to other cul-
tures and traditions, since tradition and culture function as a home
for any individual who adopts, understands and accepts the intan-
gible aspects, the symbolism, and the meaning of the given culture
and tradition. Hence, any threat to its existence, both tangibly and
intangibly, will naturally be considered a serious threat to human-
ity at large due to its psychosocial impact. Society in general will
respond to any destruction of the tangible structure of cultural her-
itage with anger, disappointment or despair. Other than acts of ter-
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rorism and natural disasters, war and armed conflicts are notorious
for their ability to destroy a cultural heritage site, whether targeted
or not. The UNESCO’s Hague Convention in 1954 for the Protec-
tion of Cultural Property in the Events of Arm Conflicts the proof
of how significant is the impact of cultural heritage destruction by
World War II. As an example, Poland and her capital experienced
massive destruction. Its restoration somehow changes the nature
of the city from pre-World War II. Whether or not a restoration
of a cultural heritage should carry its exact collective memories
of the previous values, symbols, and layout, any restoration will
require comprehensive efforts. Technological approach and contri-
bution will be crucial for assisting the process from prevention to
restoration. Our system is aimed at providing an affordable solution
for the management of large cultural heritage sites’ digitalisation
for a wide range of purposes. Hence, it supports UNESCO’s aims
in Civil-Military Alliance for the Protection of Cultural Property.

Mobile mapping systems [KNP*25] have been widely used in
Culture Heritage surveys for a long time [MRROS5]. It can take pho-
tos with external orientation parameters thanks to GPS and INS.
The hand-held mobile mapping system Zebedee applied for Cul-
ture Heritage was introduced at [ZBJ*12] and an extended elabo-
ration of this research was elaborated in [ZBG™*14]. The authors
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were focused on technology enabling measurements in geomet-
rically complex locations to be acquired from a variety of view-
points. The claim is that while several technologies exist for cap-
turing the 3D structure of objects and environments, none are ide-
ally suited to complex, large-scale sites, mainly due to their lim-
ited coverage or acquisition efficiency. Hand-held mobile mapping
systems are more popular [ALGLB*23] [MMS*21] since they are
more and more affordable compared with Terrestrial Laser Scan-
ning [TWS14] [CNX*20] [DLY *20]. A comparison between ter-
restrial laser scanning and hand-held mobile mapping system for
documentation of built heritage [CPBT24] shows the importance of
evaluating different methodologies based on project objectives and
desired levels of detail, providing insights into the strengths and
limitations of each system for diverse applications in heritage doc-
umentation. A new trend in mobile mapping systems’ development
shows an interest in wearable solutions [ALGLB*23], [LBH*15].
High mobility with a mobile mapping system (climbing and crawl-
ing) was elaborated in [BF24]. In this work [EAQ22] Authors
elaborated different mobile mapping systems including a vehicle-
mounted mobile mapping platform, handheld, wearable systems
and trolley-based mobile mapping system. An interesting applica-
tion of mobile mapping survey for structural analysis of histori-
cal constructions was elaborated in [SAMC™*21]. This work shows
several advantages, such as the great performance or the flexibil-
ity of it. The authors observed that the time invested in digitalizing
the church was reduced by about 7.5 times compared to traditional
techniques. The portability makes it possible to digitalize complex
and narrow spaces. Unfortunately, the data provided shows noise
which hinders the creation of a CAD model and requires the use of
noise reduction filters.

To organize mobile mapping systems applied in Culture Heritage
we provide a taxonomy in figure 1. We distinguish two dimen-
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Figure 1: Taxonomy of mobile mapping systems applied in Culture
Heritage.

sions in the proposed taxonomy. First, there are indoor and outdoor
tasks. In the outdoor scenario, we have access to GPS signals, thus
mobile mapping systems can benefit from PPP/RTK services pro-
viding centimetre level accuracy [BNK*21]. In indoor surveys, we
should apply SLAM with georeference techniques to reach satis-
factory accuracy [Bed22]. Looking at the scope of the survey we
distinguish large, middle, small and mini scales.

1.1. Outdoor large scale survey

Outdoor large-scale surveys (e.g. continent [BNK*21], country,
city, island) require covering scope with multiple sessions (session
is single data collection, e.g. single trajectory). Each session can
be easily georeferenced with GPS e.g. with our software [Bed24].
Starting from inaccessible heritage sites we can assess them with
satellite imagery [MRD*21]. Generally, airborne and spaceborne
remote sensing [LWG™*19] is a non-destructive tool, that is in-
creasingly popular by specialists around the world as it allows
fast prospecting and mapping at multiple scales, rapid analysis
of multisource datasets, and dynamic monitoring of ACH (Ar-
chaeological and Cultural Heritage) sites and their neighbouring
environments. Unmanned Aerial Vehicles are also efficient tools
for the collection of archaeological and cultural landscape data
[The20] [Ulv20]. UAVs can be equipped with high-resolution cam-
eras and/or LiDARs [SSAF*19] [NR14]. For outdoor accessible
land surveys, we can use vehicles equipped with mobile mapping
systems [PGIMSA13] [YJW*24]. Last but not least is the mobile
mapping system mounted on surface vessel [MTT*17] [TS24] [TS]
[CSVB24]. It is worth mentioning underwater vessels [TSFSO] that
can be also used, but in our opinion, it is difficult to classify them
within the proposed taxonomy.

1.2. Indoor large scale survey

Indoor large-scale survey (e.g. entire buildings) requires covering
scope with multiple sessions. There is limited access to GPS. In-
door large-scale survey [OBAV21] requires a hybrid approach of
mobile mapping and TLS to reach satisfactory scope, accuracy and
local precision. It covers entire buildings, top, bottom and under-
ground levels [Bed24] [MT24] [TKWR23]. Underground mines
mobile mapping technology [ZB14] can be applied here. Due to
the large scope of the survey the trolley [OLGA20] and wearable
solutions [KVP*19] are applied to minimise fatigue. The challenge
is to reach satisfactory accuracy since georeferencing is not always
feasible.

1.3. Outdoor middle scale survey

Outdoor middle-scale surveys (e.g. streets with buildings) can be
covered by a single session. It means we can provide results based
on data collected on a single run. It sufficiently simplifies the
data management and processing pipeline compared with large-
scale surveys. In most cases we do not need a powerful data cen-
ter [BNK*21], thus all calculations can be done on a single com-
puter. Several modalities such as UAV, trolley, hand-held, wearable
and TLS can be used separately or resulting data can be fused and
georeferenced e.g. by our software [Bed24].

1.4. Indoor middle scale survey

Indoor middle-scale surveys (e.g. single level of the building) can
be covered by a single session. It is a typical scenario known in
mobile robotcs [AFDT22] [LAH*25] [BHH*15] since early re-
search in SLAM (Simultaneous Localisation and Mapping) that
was undertaken by Leonard and Durrant-Whyte in the early 1990s
[LDWO91]. Most recent modalities such as indoor UAV [KNCK22]
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[LRS*23] [HKT22], trolley, hand-held, wearable and TLS can do
this job efficiently.

1.5. Outdoor small scale survey

The outdoor small-scale survey (e.g. single building) is covered by
a single session. This type of survey results in a model of a sin-
gle building. To reach full coverage the combination of UAV with
ground mobile mapping system (e.g. trolley, handheld, wearable,
TLS) can be incorporated [GFHS25] [WHP*23].

1.6. Indoor small scale survey

The indoor small-scale survey (e.g. single room) is covered by a
single session. As in most previous cases UAV, trolley, handheld,
wearable and TLS can be used. This survey is rather straightfor-
ward since we perform scans typically inside single rooms without
complex corridors [MKMea23].

1.7. Outdoor mini scale survey

The goal of the outdoor mini-scale survey is to provide high-
resolution data [MVI*22] that can be obtained with close-range
photogrammetry [YYGDO07] [AHLOOS] [REHO6]. It is common
to fuse different 3D modalities [Rem11] [GRE*09] [Yas07] to
reach high resolution locally and large coverage globally. An in-
teresting project a self-assembly portable mobile mapping sys-
tem for archaeological reconstruction based on the VSLAM-
Photogrammetric algorithm is elaborated in [OCSR19] and it is
evidence that an affordable solution can provide satisfactory data.

1.8. Indoor mini scale survey

Close-range photogrammetry technique [Luh10] is typically used
in indoor mini-scale surveys for small objects’ [PST00] [KAS*13]
digitisation. An alternative technique is structure light [XWL*20],
handheld 3D laser scanner (HLS) and high-resolution handheld
digital microscope (HDM) [SNRBB25] as complementary tools for
TLS measurements. A brief survey of the hardware setup, algo-
rithms and software tools for photogrammetric acquisition and re-
construction applied to small objects is elaborated in [DPDLG*20].

1.9. Our contribution

Based on the above elaborated literature we can observe the
fact that the scope of culture heritage surveys is already cov-
ered by plenty of modalities. The challenge is to reduce the
cost of a 3D mapping system, thus more culture heritage
sites can be digitised, thus preserved data can be stored for
further analyses. For this purpose, we designed a mobile
mapping system that is improved over time. It is available
at https://github.com/JanuszBedkowski/mandeye_controller.
We provide also an open-source project
https://github.com/MapsHD/HDMapping that can process surveys
composed of multiple sessions. In this paper, we show several
culture heritage large-scale surveys. All experiments are replicable
thanks to the open-source open-harware approach.

© 2025 The Author(s).
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2. Affordable mobile mapping system

Figure 2 shows our open-hardware DIY (Do-it-yourself) mo-
bile mapping system. It is composed of non-repetetive scanning
pattern LiDAR LiVOX MID360 https://www.livoxtech.com/mid-
360 (the laboratory tests of metrological characteristics can be
found here [MKG24]), 360 camera Insta360 X4 8K (8K, 30fps),
GNSS receiver (currently ublox n8m but it will be replaced with
ublox X20 in near future), synchronisation ring (custom cam-
era to LiDAR synchronisation based on LEDs showing times-
tamp with Gray code, an open-source project is available at
https://github.com/MapsHD/MandeyeledTimestamp). Camera to
LiDAR post-process synchronization is done with 100ms resolu-
tion. LiDAR provides 200.000 points per second with 2cm accu-
racy on 20m. We strongly believe that our solution is the most af-
fordable one in its class - this is our main contribution to the re-
search community. The novelty of our approach is the fact that we
collect all images (8K, 30fps) and point clouds that can be synchro-
nized in post-process. It opens new research directions that will be
elaborated in section 6.

3. Culture Heritage surveys

In this section, we demonstrate the usability of the proposed
mobile mapping system for data acquisition and digitiza-
tion of large-scale heritage scenes with our open hardware
https://github.com/JanuszBedkowski/mandeye_controller and
open source https://github.com/MapsHD/HDMapping. We show
the results of the five surveys in Italy (Siena, Chiusdino, Roc-
castrada, San Gusme). We show how to fuse aerial LiDAR data
with hand-held mobile mapping data based on an example of
facade mapping of the Palace of Culture and Science, Warsaw,
Poland. Finally, we show the colour point cloud of the other
facade.

3.1. Siena, Italy

This survey can be categorised as an outdoor large-scale survey
since it is composed of more than 10 sessions of a total length of
more than 100km. Data was collected in Siena, Italy 14 consecutive
days from 6 up to 8 o’clock in an average speed of 4km/h. The
results are shown in figures 4,5,6.

3.2. Chiusdino, Italy

This survey can be categorised as an outdoor middle-scale survey
since it is composed of a single session. Results are shown in figure
7.

3.3. Pisa, Italy

This survey can be categorised as an outdoor middle-scale survey
since it is composed of a single session. It is challenging since
plenty of tourists affect 3D measurements. Results are shown in
figures 8.9.



40f 10 J. Bedkowski, M. Matecki, M. Pelka, K. Majek, T. Fitri, A. Kostrzewa / Acquisition and digitization of large-scale heritage scenes

360 CAMERA

LIDAR

BATTERY

Figure 2: Affordable mobile mapping system - front view.

3.4. Roccastrada, Italy

This survey can be categorised also as an outdoor middle-scale sur-
vey since it is composed of a single session. It is challenging since
plenty of tourists affect 3D measurements and narrow spaces. Re-
sults are shown in figures 10,11,12.

3.5. San Gusme, Italy

Similarly to the previous one, this survey can be categirised also
as outdoor middle-scale survey since it is composed of a single
session. Results are shown in figures 13,14,12.

Figure 3: Affordable mobile mapping system - top view. Cus-
tom camera to LiDAR synchronisation based on leds showing
timestamp with Gray code, an open-source can be found at
https://github.com/MapsHD/MandeyeLedTimestamp.

Figure 4: Siena, Italy: survey photos.

3.6. Palace of Culture and Science, Warsaw, Poland

This survey can be categorised also as a combination of
outdoor large scale survey and outdoor middle scale sur-
vey since it fuses aerial LiDAR data (figure /reffig:pkl)
available at https://www.gov.pl/web/gugik/dane-udostepniane-bez-
platnie-do-pobrania-z-serwisu-wwwgeoportalgovpl with our hand-
held mobile mapping system (figure /reffig:pk2).

© 2025 The Author(s).
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Figure 5: Siena, Italy: city centre. Total length of trajectories more
than 100km.

Figure 6: Siena, Italy: Piazza del Campo - sketch from our system.

3.7. Facade

It is an outdoor small-scale survey. Figure 17 shows 360 photos
from Insta380 X4 that were used for colouring point cloud shown
in figure 18.

Figure 9: Pisa, Italy - perspective view.

4. Accuracy and precision assessment

We encourage Readers to follow
https://github.com/MapsHD/HDMapping, especially the section
"Knowledge base (accuracy, precision, benchmarks, comparison
to other mobile mapping systems etc...)". At this stage of de-
velopment, we reach precision for LIDAR odometry up to 2cm

Figure 7: Chiusdino, Italy.

© 2025 The Author(s).
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Figure 10: Roccastrada, Italy - top view.
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Figure 12: Roccastrada, Italy - perspective view.

and accuracy up to 1It means we should expect accuracy up to
1m on a 100m distance. Once we incorporate loop closure and
georeferencing we improve this accuracy.

5. Conclusions

This  paper  describes an  open source  project
https://github.com/MapsHD/HDMapping for large-
scale 3D mapping wusing the open-hardware hand-
held LiDAR measurement device available at
https://github.com/JanuszBedkowski/mandeye_controller in
application of large-scale heritage scenes acquisition and digiti-

Figure 13: San Gusme, Italy - top view.

Figure 15: Palace of Culture and Science, Warsaw, Poland, aerial
LiDAR data.

zation. The project has already more than 100 active end-users
providing important feedback for constant development. At the
current stage, we provide

e multi-view terrestrial laser scanning algorithms (NDT, ICP,
etc...),

e LiDAR odometry,

e Pose Graph SLAM (Simultaneous Localisation and Mapping),

Our open hardware mobile mapping system is based on LiVOX
MID360 - laser scanner with a non-repetitive scanning pattern
equipped with an equirectangular camera. We provided custom
synchronization between the camera and LiDAR-based on an LED
ring showing timestamps using a Grey code. It enables post-process
synchronizing with 100m resolution, thus all image data (8K,
30fps) can be incorporated for further processing. The goal of the
project is to provide an affordable mobile mapping system and
open-source software that can be widely used also by the Culture
Heritage community.

© 2025 The Author(s).
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Figure 16: Palace of Culture and Science, Warsaw, Poland, aerial
LiDAR data + handheld mobile mapping data.

Figure 17: 360 photo from Insta380 X4.

6. Future work

We are at the beginning of the journey to a fully automated solution
that can build 3D coloured maps. Plenty of challenges have to be
addressed such as:

automated multi-session SLAM,

automated georeferencing,

automated colouring,

automated data filtering for noise and outlier removal.

At the current stage of the project, we are happy to claim that

O — .
BN A4 E&**

Figure 18: Colored point cloud of the facade.

© 2025 The Author(s).
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it is still an affordable mobile mapping system. It enables making
maps for multiple sessions of more than 100km in total.
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