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Abstract

For 3D content, large-scale datasets, such as Objaverse or ShapeNet, and repositories, such as Sketchfab, have been compiled. Within
the European 3DBigDataSpace project, a consortium of 10 partners assesses open licensed 3D models to select and retrieve those
models particularly representing cultural heritage objects in Europe to aggregate them into the European Data Space. As key part of
that work is the classification and geolocalization of 3D content, with mesh models viewable via different viewers and tested in differ-
ent scenarios such as museum exhibitions, cultural tourism, or education. This article highlights the steps taken (1) to compile a large-
scale pool of 3D assets of cultural heritage and ready-to-use viewer applications and (2) to enrich and (3) utilize them in various

settings.
1. INTRODUCTION

Current challenges with using 3D models in museums, education
or tourism include the high levels of customization needed and
the limited availability of cultural heritage 3D models (Miinster,
2023). In this article, we present the first steps taken (1) to com-
pile a large-scale pool of 3D assets of cultural heritage and ready-
to-use viewer applications and (2) to enrich and (3) to employ
them in various settings to enhance and validate the usability of
3D models. While the data collection and viewer development
have already reached an intermediate stage, the validation within
use cases is currently ongoing.

2. STATE OF THE ART

Datasets and collections

For the 3D content, large-scale datasets such as Objaverse includ-
ing 10.2 million 3D models (Deitke et al., 2023) or ShapeNet
counting 50k 3D assets (Chang et al., 2015), as well as reposito-
ries like Sketchfab hosting several 100,000 heritage items (Flynn,
2019) have been compiled and shared. Large-scale 2D/3D data-
sets include MVImgNet2 (Wu et al., 2024) and MegaScenes
(Tung et al., 2024). In addition, campaigns such as Scan the
World! or Global Digital Heritage? make a collective effort to
digitize cultural heritage on a large scale. Various researchers in-
vestigated the retrieval of sufficient metadata from 3D objects
and metadata to spatialize and temporalize this material (e.g.
(Orzechowski et al., 2025; Miinster, 2023)).

Metadata enrichment

Geolocalization: Geo-based data is visualized in various web-
based portals, increasingly taking a 3D approach, with
4Dcities (Schindler and Dellaert, 2012) being one of the first to
make historical photographs accessible on the web in relation to
3D models. Other applications introduced time-evolving 3D city
models incorporating multimedia such as photographs and other
historical documents (Blettery et al., 2021; Jaillot, 2020). How-
ever, precise spatial and temporal location of the data remains
challenging, requiring either a rich set of metadata or manual

! https://www.myminifactory.com/scantheworld/
2 https://globaldigitalheritage.org/
? https://lumalabs.ai/interactive-scenes

work. Several rephotography approaches and applications sup-
port the spatialization of photographs, but still require manual in-
put (Schaffland et al., 2020). Other approaches include the geolo-
calization via images (Wang et al., 2024; Pramanick et al., 2022;
Cepeda et al., 2023; Kulkarni et al., 2024; Xu et al., 2024) and
texts, e.g. (Singh and Aneja, 2024). For imagery, several methods
exist for homogeneous image blocks (Sattler et al., 2018; Sarlin
etal., 2019). The problem becomes increasingly complex for var-
ying radiometric and geometric conditions, especially relevant
for historical photographs (Maiwald, 2022). More recent geolo-
calization frameworks integrate multiple stages of processing —
e.g. by style similarity, identification of captions, or geometric
reconstruction. Examples are Plonk (Dufour et al., 2024), Pige-
otto (Haas et al., 2024), GeoCLIP (Vivanco et al., 2023) and Ori-
enterNet (Sarlin et al., 2023).

Object classification: Efficient retrieval and exploration of his-
torical images are based on visual similarity and content-based
features. However, traditional machine learning technologies
currently require large-scale training data (Fiorucci et al., 2020;
Radovic et al., 2017; Aiger et al., 2017; Miinster et al., 2024b)
and are primarily capable of recognizing well-documented and
visually distinctive landmark buildings (Miinster et al., 2021) but
fail to deal with less distinctive architecture, such as houses of
similar style. Even using more advanced approaches or combin-
ing different algorithms (Maiwald et al., 2021) only enables the
realization of prototypic scenarios (Gominski et al., 2019; Mo-
relli et al., 2022). Since these approaches are mostly trained on
photographs, various projects are using training material from 3D
datasets such as Objaverse to train classification approaches (Lin
et al., 2025).

Data processing: Another challenge relates to processing rec-
orded 3D cultural heritage datasets. Various commercial compa-
nies provide tool ecosystems which include format conversions,
metadata assignment, and the creation of browser-based 3D
views. The best known examples include Sketchfab for 3D data
and Luma.Al for Gaussian Splats.> Several European and non-
commercial services such as Share3D,* the Eureka3D Data Hub,’

* https://www.share3d.eu/en/
5 https://eureka3d.eu/eureka3d-data-hub/
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and the Zenodo toolbox (Miinster et al., 2024a) provide pipelines
for collecting and aggregating 3D datasets in Europeana. Since
those tools come with a predefined pipeline, frameworks like
Smithsonian Cook® provide means to integrate multiple tools into
versatile pipelines. This approach enables researchers to setup
flexible pipelines but also to integrate services distributed by
other parties or developers and has therefore been chosen by our
project for the development of a Heritage Data Processor frame-
work.

3D Viewer

Various viewer stacks are available to visualize 3D cultural her-
itage objects (Overviews: (Fung et al., 2021; Bajena et al., 2022;
European Commission, 2022; Storeide et al., 2023; Miinster,
2023). To integrate multiple viewer stacks supporting specific
purposes and communities, the German DFG 3D Viewer project
utilizes a flexible wrapper structure that can accommodate vari-
ous viewers and has been utilized and extended within the
3DBigDataSpace project (Miinster et al., in press).

3. DATA COLLECTION

The initial dataset utilized in 3DBigDataSpace stems from differ-
ent data collections and was compiled between 11/2023 and
4/2025. To retrieve legally accessible content, we selected CC-0
or CC-BY licensed content only. For data retrieval, we used a
series of server-side scripts in Python and PHP feeding into an
SQL database and Unix file storage. From the pool of 11.4 M
metadata sets currently collected and partly processed, a subset
of ca. 130,000 3D modelshave is utilized for the following study

(Table 1).

Data No. of 3D | Description

source objects

Euro- 8,708 The Europeana 3D dataset contains vali-

peana dated metadata and is utilized to provide
Ground Truth data. It was retrieved via the
Europeana Python Framework.”

Ob- 55,614 The Objaverse 1.0 dataset includes

javerse 800,000 3D objects with 55,000 datasets

1.0 classified as Cultural Heritage. It was com-
piled by the Paul Allen institute. The da-
tasets are mainly retrieved from open li-
censed content held by Sketchfab.

5DCul- 8,406 The 5DCulture dataset was compiled in
ture the project of same name in 2024. The da-
taset includes various mainly low-poly
models of single buildings from different
age in the cities of Trento, Sion, Amster-
dam, Dresden, and Jena. The dataset was
used to test the Zenodo pipeline.

A set of openly licensed 3D models from
the Smithsonian collection that was pro-
cessed in mid-2025.

An ecosystem to freely share digital, 3D
scanned cultural artefacts for physical 3D
printing, processed in 10/2025.

Public image data showing architecture
and immovable artworks, partially recon-
structed as sparse point clouds recon-
structed. From the full dataset 3D models
with sparse point clouds larger than 1kb
were selected for the 3D dataset.

LiDAR 1,374 LiDAR datasets segmented via OSM
3D ground plots into multiresolution single
Buildings building models. These models are used
for mapping and multi-level-of-detail ap-
proaches (Miinster et al., 2025b).

Table 1. Processed datasets.

Smith-
sonian

3,685

Scan the
World

12,448

Mega-
scenes

69,475

¢ https://smithsonian.github.io/dpo-cook/
7 https://github.com/europeana/rd-europeana-python-api
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Figure 1. Screenshot of the Heritage Data Processor interface.

The Heritage Data Processor (HDP) is a GUI, API, and Com-
mand-Line-driven application designed for the comprehensive
processing, enrichment, and management of digital assets, with a
primary focus on multimodality (Figure 1).2 It was developed
within the 3DBigDataSpace project to provide a framework for
integrating services provided by the different partners and to set
up processing pipelines. The processor leverages a combination
of machine learning models, large language models (LLMs), and
external APIs to automate complex data processing workflows.
The HDP is intended to be used for the construction of complex
pipelines, based on a modular system of pipeline components,
with stable storage as its endpoint using Zenodo. Together with
the predecessor Zenodo toolbox, around 65,000 3D mesh models
and another 65,000 photographs has been processed and stored
in Zenodo (Miinster et al., 2024a).

5.3D MODEL OPTIMIZATION

A MeshOptimizer tool was developed within the project to facil-
itate large-scale 3D mesh processing and improve model visual-
ization across various platforms. The tool is a fully automated
and modular 3D mesh processing pipeline, designed for optimiz-
ing both geometry and visual texture quality. The framework sup-
ports both decimation and remeshing, as well as texture improve-
ment through the generation of Physically Based Rendering
(PBR) maps, including diffuse, ambient occlusion, roughness,
and normal maps. Geometry optimization is designed to balance
mesh simplification and object fidelity. The framework, contain-
erized via Docker and implemented in Python and C++, lever-
ages Blender for texture processing and geometry decimation,
PartUV for efficient UV mapping,” and CGAL’s adaptive iso-
tropic remeshing C++ libraries for remeshing, surface analysis,
and geometric transformations. The Hausdorff distance is itera-
tively computed to analyse the geometric deviation at each
remeshing stage, and ensures adaptive optimization while pre-
serving the integrity of the origjnal model (see Figure 2

Figure 2. An example of mesh simplification obtained with the
MeshOptimizer tool — original (left) and optimized (right).

8 https://github.com/Digital-Humanities-Jena/heritage-data-processor
? https://github.com/EricWang12/PartUV
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6. DATA AND METADATA ENRICHMENT

Data and metadata processing includes (a) data processing to pre-
process captions and render images of the models; based on
which the data is (b) categorized and (c) geolocalized. For all
those steps, we currently employ different models (Table 2). A
main rationale for selecting models has been to assess the trade-
off between quality and computing costs.

Text prepro- e Language detection: Fasttext'’

cessing e Language translation: nllb-distilled-1.3B"!
e Compiling short descriptions from text: distilbart-
cnn-12-6'2
o Descriptions from images: LLAVAnext 1.6 / Mis-
tral 7B"
Image render- e Rendering: Blender for Python: Fastrenderer and
ing Cycles
Text-based cat- | o deberta-v3-large-zeroshot-v2.0'

egorization e QWEN 3.0-14B MLX'?

e QWEN 3.0-32B MLX'¢

Image-based e LLAVAnext / Mistral 7B

classification e CLIP/ ViT-B/32"
o Qwen3-VL-30B-A3B-Instruct (4-bit quantized)
* VGG-16

Text-based ge- | o LLAMA 3.2'®

olocalization e Distilled Deepseek R-1 + QWEN 7B"
e QWEN 3.0-14B MLX

e QWEN 3.0-32B MLX

e Deepseek R-1 SaaS?

e Spacy with core_en_web-1g mode
o Multi-label classifier: SciKitLearn®

121

e Plonk?

e OrienterNet**

e GeoCLIP®

e Geocoding: Geopy with OSM / Nomatim and
GooleV3 API for resolving coordinates

Image-based
geolocalization

Table 2. Models currently used for pipeline integration.

Text preprocessing
For around 1/3 of the 3D datasets, titles and descriptions are
available only in other languages than English (Figure 3).
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Figure 3. Input language text classification, TOP 20, classified
via a NLLB model (Joulin et al., 2016), n=64,322 items.

The next step in text processing is therefore to translate all these
non-English texts into English. To create 3D imagery from mesh
models we employ a scripted Blender pipeline to create angle-
varying render images, ingest in the Zenodo storage, and use it
with the vision models.

10 https://huggingface.co/facebook/fasttext-language-identification

' https://huggingface.co/facebook/nlIb-200-distilled-1.3B

12 https://huggingface.co/sshleifer/distilbart-cnn-12-6

13 https://huggingface.co/llava-hf/llava-v1.6-mistral-7b-hf

14 https://huggingface.co/MoritzLaurer/deberta-v3-large-zeroshot-v2.0
135 https://huggingface.co/Qwen/Qwen3-14B-MLX-4bit

16 https://huggingface.co/Qwen/Qwen3-32B-MLX-4bit

17 https://huggingface.co/sentence-transformers/clip-ViT-B-32

Categorization
For categorization, the object categories were identified via the
Europeana CHO Types Vocabulary for 3D content (Europeana,
2025) from the English or translated textual descriptions. A key-
word-based search revealed n=5,798 results, with photographs
and maps as top mentioned media, followed by buildings and
sculpture as top content categories (Figure 4). No optimization to
retrieve synonyms or word stems was applied at this training
stage, nor were multiple nominations (e.g. photographs of build-
ings) eliminated.
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Figure 4. Identification of object categories via keywords in
(translated) descriptions (n=5,798).

In an initial test we compared keywords assigned to images, de-
scriptions, and mapped keywords. For the full Europeana dataset
of 8,708 items we tested different approaches: Image classifica-
tion was performed using CLIP-ViT-B/32 and Qwen3-VL-30B-
A3B-Instruct. CLIP has been validated for as performing well for
zeroshot classification (Li et al., 2023). Classification of descrip-
tions and classification of not standardized concept labels both
relied on MoritzLaurer/deberta-v3-large-zeroshot-v2.0. Classifi-
cation of titles relied on the Qwen3-32B-MLX-4bit. All classifi-
cations were made using the Europeana classes.

To achieve greater precision in selecting architectural models, we
trained a VGG-16 based classifier. The classifier was trained with
2,123 manually classified renderings from the Objaverse 3D da-
taset. For training, 1,699 files were used — including nine variants
by data augmentation per file — and for validation we used 424
files. The trained classifier has 79.3% validation accuracy with
43.2% loss (Figure 5).

Vg and Validation Accuracy Training and Va

Figure 5. VGG-16-based training and validation accuracy and
loss for classification 3D models of architectural exteriors/others.

The model was run for the Objaverse object dataset with 15,287
results labelled by the model with a confidence of more than
80%. From the classified objects 2,372 are classified as architec-
tural exteriors with 12,915 classified as other content.

18 https://huggingface.co/meta-llama/Meta-Llama-3-8B

19 https://huggingface.co/deepseck-ai/DeepSeek-R 1

20 https://platform.deepseek.com

21 https://spacy.io

22 https://scikit-learn.org

23 https://github.com/nicolas-dufour/plonk

24 https://github.com/facebookresearch/OrienterNet?tab=readme-ov-file
23 https://github.com/VicenteVivan/geo-clip
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Geolocalization

With regards to geolocalization Figure 6 shows the results of
benchmarked and tested LLMs, leveraging the Europeana dataset
(Miinster et al., 2025b). Promising results were achieved by using
the DeepSeek-R1 671B parameter LLM with an 82% recognition
rate for countries and a 46% rate for cities.

100,0%

50,0%

0,0% .II I... I.-. I---

Country State Region City

m 'DeepSeek-R1'

m 'deepseek-ai/DeepSeek-R1-Distill-Qwen-1.5B'
m 'meta-llama/Llama-3.2-3B'
m'en_core_web_lg'

Figure 6. Matching text-based model retrieved to human-as-
signed location information exploiting the Europeana dataset
(n=2,465).

An important finding was that the other models were signifi-
cantly less accurate, with only 30% of countries correctly identi-
fied by the Spacy large English model (en_core web 1g). To cre-
ate additional manually validated data, the project partner PCSS
has created a web-based browser add-on that allows the 3D
model to be manually positioned on the terrain model. The result-
ing information on the position, scale, and orientation of the 3D
model is stored in the record. The add-on integrates seamlessly
with the Zenodo storage system. An alternative approach utilizes
an LLM and VLM for rough geolocalization, and satellite im-
agery for fine geolocalization and pose estimation, as described
in (Rigon et al., in press).

7. VIEWER INFRASTRUCTURES

Within the projects a set of viewers are under development (Fig-
ure 7). The project utilizes the DFG 3D Viewer as a flexible
wrapper structure to accommodate various viewers (Miinster et
al., in press). Currently, models can be viewed in the DFG 3D
Viewer with a choice of ten viewer integrations. The integrated
viewers are ATON, 3D-HOP, UH4D Browser, Kompakkt,
model-viewer, and the AIM Viewer for 3D models, as well as the
PLY Point Cloud Viewer, XRWeb, and Holopyramid Viewer
from the University of Jena for views of PLY models in a point
cloud, Virtual Reality (VR) glasses and holopyramids (Figure 8).
These viewers serve different usage scenarios such as scholarly
annotation, XR exploration, and holopyramid visualizations,
while maintaining a consistent link to the archived master asset.

Figure 7. DFG 3D Viewer integration examples of the Rooom
Viewer (left) and the PCSS Viewer (right).

In the 3DBigDataSpace project numerous visualization stacks
has been developed and integrated in the DFG 3D Viewer.

26 htps://artefact-ig.in-two.com/

The PCSS Viewer, developed as part of the 3DBigDataSpace
project, is a standalone tool for viewing 3D objects. The PCSS
Viewer was inspired by the 3D viewer implemented around 2019
for the development of dLibra software — a digital repository sys-
tem (specifically, a custom implementation for the Digital Re-
pository of the Scientific Institutes in Poland). The PCSS Viewer
was built on a modern technology stack in a front-end architec-
ture environment. It primarily combines the React and Three.js
libraries. The tool currently includes basic functionalities for han-
dling.glb/.gltf files, such as autorotation, object manipulation,
displaying an object’s mesh, changing colour, and displaying an-
notations. The PCSS Viewer has significant development poten-
tial, for example, the ability to expand its functional repertoire
through iterative development. The 4D Browser and 4D City
World viewers are used for virtual, augmented, and 2.5D visual-
ization on mobile and desktop devices (Miinster et al., 2024c).
The 4D City application for mobile devices enables time-variant
virtual 3D impressions of historic cities and the 4DBrowser ena-
bles browsing media collections on desktop systems.

The Extended Reality Visualizations include a VR viewer devel-
oped by the University of Jena to show 3D mesh models in the
browser of VR glasses. Another application developed by the
project partner Rooom AG makes it possible to create Extended
Reality (XR) experiences to view specific 3D objects on mobile
devices.

The Holopyramid Viewer is a browser-based software applica-
tion capable of compiling the 4 synchronized corresponding
views of the 3D model for any given model URL that would al-
low it to be visualized on a holopyramid device.

ArtefactIQ?® is a web-based application that integrates the differ-
ent viewers described above and enables the creation of multi-
platform gamified experiences. Using a content management au-
thoring interface and leveraging flexible templates, ArtefactIQ
enables cultural heritage professionals and educators to reuse 3D
models and datasets and build small games that are more engag-
ing.

The UVigo application?’ was designed to enhance the cultural
and tourist experience of pilgrimage routes through immersive
technologies and Al.

4D World Viewer
for Smartphones

PCSS Viewer

©

o
4D World  Holopyramid XR (by Rooom AG)
Browser for
Desktops

Figure 8. Application interfaces.

7. USE CASES

Museum exhibitions

The use of XR applications has a significant effect on museum
learning (Xu et al., 2023), enjoyment (Dong et al., 2024) and en-
gagement. To validate affective impact, we collaborated with the

7 Available at https://camino-57345.web.app,
https://play.google.com/store/apps/details?id=com.rurallure, October
2025.
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Egypt Museum in Turin, the Alesia Museum, and MAC in Bar-
celona. The data pool was used to create a set of prototypes. Spe-
cific scenarios include (1) to validate affective and learning ef-
fects of remote and physical representations, (2) provide content
in a remote environment vs on site, (3) test different ways of sto-
rytelling, e.g. related to multi-coding (Paivio, 2006), varying nar-
ratives, and customization (Shen et al., 2024). Several test set-
tings were compiled to enable lab tests of different modes of in-
teraction with content (Figure 9).

Image 3D View (navi- Holo-pyra-

gable) mid

“A-—A---.

Figure 9. Pyramid experiences using the different viewer and da-
tasets (Content: Plateau de Gizeh; generated by pierre391).

Education

Educational courses designed by students of art history and his-
tory teaching were offered to primary and secondary school stu-
dents in Jena in the context of school and extracurricular working
groups. These courses produced content for the 4D world viewers
— e.g. 3D scans of city sculpture, textual descriptions of land-
marks, and virtual city tours for children. To date 170 school stu-
dents have participated in these educational courses (Miinster et
al., 2025a). The Hunt Museum in Limerick, Ireland, used the 3D
tools to augment the existing learning material on Life in the
Bronze Age for secondary students starting in November 2025.
3D models are used both individually, using the PCSS Viewer
and its annotation capability, and within a gamified experience
created with ArtefactlQ where students aim to recognize certain
characteristics of museum artefacts (e.g. to date them). Initial ses-
sions with students (58 respondents) revealed that using 3D mod-
els was a most distinctive and engaging experience and thus can
be a strong intrinsic motivator. Further evidence that the 3D mod-
els were perceived as an important learning aid is provided by
qualitative feedback, which stressed that the ability to view ob-
jects from all angles and to see details of internal structures was
very useful in the students’ leaning. Testing also revealed that the
technical limitations of the devices used play an important role in
the user experience (even if the pedagogical design is appreci-
ated), and optimizations of the 3D models can reduce the nega-
tive impact. The positive initial results motivate further investi-
gation of the approach and improvement of the underlying tools,
e.g. to provide better content and explanations within the 3D
viewer, to better use annyotations on the 3D models, and to im-
prove the way in which feedback and progression is leveraged in
the gamified experience.

Tourism

Virtual travel guides provide tourists with information about their
route and surroundings. The UVigo application was designed to
enhance the cultural and tourist experience of pilgrimage routes
through immersive technologies and Al. The proposed architec-
ture combines mobile development, real-time navigation, and Al-
based content generation to create an interactive, multilingual en-
vironment that connects users with cultural routes (i.e., Camino
Mifioto Ribeiro, Camino de Santiago, and Rome). In more detail,
the application integrates AR, 3D visualization, and Al-driven
enrichment tools for both textual and visual content. Other sig-
nificant functionalities include real-time routing and emergency
notifications that alert nearby users during their pilgrimage
through the app’s notification system. User tracking is also sup-
ported with real-time geolocation and alerts for points of interest,
improving user safety and engagement.

8. RESULTS

Large-scale 3D datasets and versatile viewers offer various op-
portunities in education, tourism, and museums to illustrate and
highlight information. They therefore enable the use of 3D in cul-
tural heritage on a large scale.

To date, text-based approaches using captions or descriptions re-
main superior to image-based classification or geolocalization.
Specifically, for geolocalization tasks, models with full-scale
LLMs — exemplified with Deepseek-R1 — perform much better
than smaller LLMs or transformer-based models.

Concerning provenance, most of the 3D cultural heritage content
explored here stems from Mediterranean countries with buildings
and sculptures named most frequently as object categories. This
is in line with former investigations, in which the majority of dig-
itized 3D objects were located in Italy, Spain and Greece (Miin-
ster, 2019).

9. CONCLUSIONS

The mentioned approaches are currently undergoing initial vali-
dation. The next step is to integrate promising candidate technol-
ogies into a modular processing pipeline for data ingestion in Ze-
nodo and Europeana, which is currently in development. This
pipeline includes additional components that are in development,
such as a production-grade 3D remesher to adopt the level of de-
tail of the 3D models, and integrating the different approaches as
agents. After that, a test with the Objaverse XL Github and
Thingiverse content of 8.9 M assets and a compiled dataset in-
cluding 1.2 M segmented LiDAR & OSM tiles is planned.
Finally, the use cases are currently helping to validate the datasets
and viewer technologies in real-world scenarios.
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