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In the cultural heritage field, point clouds, as important raw data of geomatics, are not only three-dimensional (3D)

spatial presentations of 3D objects but they also have the potential to gradually advance towards an intelligent data

structure with scene understanding, autonomous cognition, and a decision-making ability. The approach of point

cloud semantic segmentation as a preliminary stage can help to realize this advancement.

point cloud  semantic segmentation  classification  cultural heritage  machine learning

deep learning

1. Introduction

The use of 3D point cloud data for cultural heritage assets is becoming widespread since 3D models provide

various applications of digital documentation , interpretation of information and knowledge , and visual

experience . Point cloud data include massive 3D geometric information with colour and reflection intensity

attributes. However, semi-automatic or automatic, efficient, and reliable solutions for linking point clouds with

semantic information still need to be solved. Three-dimensional point cloud semantic segmentation (3DPCSS) has

been regarded as a technology that links a single point or a set of points in the point cloud data with semantic

labels (e.g., roof, facade, wall of architectural heritage, plants, damaged area, etc.) . Moreover, 3DPCSS is the

key step to extract implicit geometric features and semantic information from point cloud data for 3D scene

understanding and cognition. Point clouds with semantic and geometric feature information make it easier for non-

remote sensing professional users, such as cultural heritage managers, researchers, conservators, and restorers,

to apply and understand the content of the data . For example, the scan-to-BIM (building information modeling)

 method, from point cloud to BIM  or heritage building information modeling (H-BIM) , mainly

depends on 3DPCSS to extract geometric primitive, semantic information and building structure for parametric

modeling. Smart point cloud  and rich point cloud  are new intelligent point cloud data structures that can

be used for 3D scene understanding and decision-making, of which 3DPCSS acts as a core step of their

technology framework. 3DPCSS can also achieve damaged area investigation, thematic mapping, and surface

material analysis of cultural relics . In addition, the scientometric method has proven that the semantic

segmentation of point clouds is one of the hot topics of leveraging point cloud data in the cultural heritage field .

Therefore, it is evident that 3DPCSS has become the essential data processing step in cultural heritage.
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Cultural heritage is represented by objects of nature, sizes, and complexity, which can be classified into tangible

cultural heritage and intangible cultural heritage. Tangible cultural heritage consists of two categories, immovable

cultural heritage (e.g., built heritage, monuments, archaeological sites, etc.) and moveable cultural heritage (e.g.,

paintings, sculptures, furniture, coins, etc.) . The tasks of point cloud semantic segmentation are different at

multi spatial scales, from landscape (i.e., immovable heritage and surrounding environments) to small artifacts (i.e.,

a part of an immovable heritage). In macro geographical space, a cultural heritage landscape is regarded as a

complex dynamic environment composed of elements with semantic information such as land, vegetation, water,

buildings (modern and historical buildings), and artifacts . These elements can be reconstructed in geographic

information systems (GIS) to support landscape and archaeological site annotation  and landscape planning .

With regard to the immovable heritage, point cloud semantic segmentation can improve the degree of automation

of parametric modeling of objects at different levels of detail . The common goal is to locate different elements

in a three-dimensional point cloud scene, annotate them, and associate them with semantics and attributes and

external knowledge databases . At present, the application of point cloud semantic segmentation mainly focuses

on immovable cultural heritage, especially historical buildings.

3DPCSS has attracted significant attention in computer vision, remote sensing, and robotics. As a result, similar

terms have emerged to describe the same meaning. In existing studies, point cloud semantic segmentation has

also been known as classification  or point labeling . In addition, 3D point cloud segmentation (3DPCS)

is also an essential task for point cloud data processing. 3DPCS is essentially a process of extracting the specific

geometric structures or features in cultural heritage scenes based on geometric constraints and statistical rules

rather than explicit supervised learning or prior knowledge . 3DPCS also groups point clouds into subsets with

one or more common characteristic, whereas 3DPCSS means defining and assigning points to specific classes

with semantic labels according to different criteria . 

2. Three-Dimensional Point Cloud Data in Cultural Heritage

2.1. Point Cloud Data Acqusition Technologies

Photogrammetry and 3D laser scanning have become the best approaches for 3D point cloud data acquisition of

cultural heritage. Salonia et al. (2009)  presented a quick photogrammetric system for surveying archaeological

and architectural artifacts at different spatial scales. Multi-image photogrammetry with UAV has become the most

economical and convenient 3D survey technology for cultural heritage landscapes, archaeological sites, and

immovable heritage (e.g., historical buildings) . Jeon et al. (2017)  compared the performance of image-

based 3D reconstruction from UAV photography using different commercial software, e.g., Context Capture, Photo

Scan, and Pix4Dmapper. Kingsland (2020)  used three types of digital photogrammetry processing software

including Metashape, Context Capture, and Reality Capture for small-scale artifact digitization. In addition,

computer vision (CV) is a mathematical technique for reconstructing 3D models in imagery . CV together with

photogrammetry is known as an image-based point cloud data acquisition method.
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Three-dimensional laser scanning is another technology used to acquire cultural heritage point cloud data. A

variety of 3D laser scanning platforms can be used to obtain 3D point cloud data of cultural heritage at different

spatial scales, such as airborne laser scanning (ALS), terrestrial laser scanning (TLS), mobile laser scanning

(MLS), and handheld laser scanning. For example, Risbøl et al. (2014)  used ALS data for change detection of

the detailed information of a landscape and individual monuments automatically. Damięcka-Suchocka et al. (2020)

 used TLS point cloud data at the millimeter level to investigate historical buildings, walls, and structures for

conducting inventory activities, documentation, and conservation work. Di Filippo et al. (2018)  proposed a

wearable MLS for collecting indoor and outdoor point cloud data of complex cultural heritage buildings. 

2.2. A single Platform with Multiple Sensors

In the field of cultural heritage, the equipment used for acquiring point cloud data is mainly based on 3D lidar and

photogrammetric cameras equipped with unmanned aerial vehicles (UAV), mobile vehicles, robots, terrestrial

methods, handheld devices, and other platforms. The purpose of multiple sensors equipped with one platform is to

obtain more information in one data acquisition process. For example, Nagai et al. (2009)  proposed a UAV 3D

mapping platform consisting of charge-coupled device cameras, a laser scanner, an inertial measurement unit, and

a global positioning system (GPS). Erenoglu et al. (2017)  used digital, thermal, and multi-spectral camera

systems on a UAV platform to collect visible, thermal, and infrared radiations of the electromagnetic spectrum. That

multi-source information was employed to produce a highly accurate geometric model of an ancient theater and it

revealed the material features because of the spectral classification. Rodríguez-Gonzálvez et al. (2017) 

employed the Optech LYNX Mobile Mapper platform on a vehicle to acquire 3D point clouds of enormous cultural

heritage sites. The platform includes two lidar sensors, four RGB cameras, and an inertial navigation system.

During data collection, the system can simultaneously acquire point cloud data, colour information, and spatial

geographic references. Milella et al. (2018)  assembled a stereo camera, a visible and near-infrared camera,

and a thermal imager on a robot with an inertial measurement unit (IMU) to identify soil characteristics and detect

changes through the integration of data from different sensors.

To sum up, two main trends exist in using a single platform for scientific observation of cultural heritage. The first is

a mobile platform consisting of a global positioning system and inertial navigation, which can achieve the global

geospatial reference of cultural heritage without ground control points. The mobile platform can reduce the time

required for planning sensors’ network and installing instrumentation. This approach can quickly obtain point cloud

data in a large area with a complex spatial structure, such as cultural heritage landscapes and historical buildings.

Planning sensor network deployment by non-professional researchers may not be justified due to a lack of

expertise . However, cultural heritage authorities may prohibit UAVs and mobile vehicles from accessing cultural

heritage sites. Sometimes, there is not enough space and road for flying drones and driving through. In addition,

the accuracy of the mobile platform is lower than the ground-station-based method. The second trend is that the

content of point cloud data evolves from geometric to synchronous acquisition with the spectrum and texture

information in one data acquisition. 

2.3. Multi-Platform Data Fusion
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In cultural heritage, it is difficult for a single platform to meet the requirements of point cloud integrity and accuracy

within its limited observation perspective . Multi-platform collaborative observation can effectively integrate the

advantages of different platforms. Multi-source point cloud fusion can make the scene have a more complete

spatial scale and geometric information.

Multi-platform data fusion can make up for the problems of incomplete data and excessive data errors that exist in

a single platform. For example, Fassi et al. (2011)  proposed that in order to understand the global structure of

complex artifacts (e.g., Milan Cathedral’s main spire, Italy), together with its reconstruction accuracy, connections,

and topological and geometrical logic, different instruments and modeling methods must be used and integrated.

Achille et al. (2015)  constructed a 3D model of interior and exterior buildings with complex structures by

integrating UAV photogrammetry and TLS data. Galeazzi (2016)  combined 3D laser scanning and

photogrammetry to reconstruct the archaeological record of cave microtopography in extreme environments, such

as extreme humidity, difficulty of access, and challenging light conditions.

3. 3D Point Cloud Segmentation

This section introduces the main methods and applications of 3DPCS in cultural heritage. 3DPCS is mainly used in

the recognition and extraction of basic geometric shapes from point clouds, especially immovable cultural heritage.

The 3DPCS algorithms is divided into three parts: region growing, model fitting, and clustering-based. Among

them, the region growing method is used to detect and segment planes from point clouds of historic buildings. The

model fitting method can segment more basic geometric or irregular geometric shapes. These geometric elements

are mainly used for the parametric modeling of BIM and HBIM. The model fitting and clustering-based method can

provide surface defect detection and deformation analysis of immovable heritage by calculating the distance

between the real point and the fitted plane.

3.1. Region Growing

The region growing method is a classic algorithm in 3DPCS. This algorithm is widely used in the geometric

segmentation of plane structures . In addition, the region growing algorithm is also applied to segment the

plane elements from the point cloud of historic buildings. . The basic idea of the region growing algorithm is to

merge two spatial points or two spatial regions when they are close enough in a particular geometric measure.

Three critical factors need to be considered when constructing a region growing algorithm with different strategies.

The first key factor is selecting the appropriate seed point or region . The second key factor is dividing the

region growth unit to improve the computational efficiency using region unit division or hybrid units division, such as

voxel , super voxel , KD-Tree , and Octree  structures, etc.

The region growing method is mainly applied to segmenting walls and roofs of historic buildings. For example,

Grussenmeyer et al. (2008)  selected the gravity point of each voxel unit as the seed point for region growing

and then extracted the plane for parameter modeling from the TLS point cloud of a medieval castle. Paiva et al.
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(2020)  extracted plane elements from point cloud data of five different styles and periods of historical buildings.

Their method combines hierarchical watershed transform and curvature analysis with region growing to obtain

more suitable growing seeds.

3.2. Model Fitting

Model fitting is a shape detection method that can match point clouds to different original geometries. Therefore, it

also could also segment regular geometric shapes from point clouds. The two most important model fitting

algorithms are Hough transform (HT) and random sample consensus (RANSAC).

3.2.1. Hough Transform (HT)

Hough transform can detect parametric geometric objects such as lines , planes , cylinders , and spheres

 in point clouds. There have been several articles about 3D Hough transform . Concerning HT, a sample

extracted from the 2D images and 3D point cloud data in an original space is mapped into a discretized parameter

space, where an accumulator with a cell array is put. A vote is then cast for each sample’s basic geometric

element, represented by parameter coordinates in the original space. The cell with the local maximal score is

selected as the output.

One of the applications of the HT algorithm in cultural heritage is to extract planner features. For example, Lerma

and Biosca (2005)  extracted planner surfaces from the point cloud of a monument through the HT algorithm to

remove irrelevant points and reduce the data volume. Another application is to create a digital orthophoto map of

cultural relics. A digital orthophoto map is an essential documentation of two-dimensional reference systems in

cultural heritage. Selecting the appropriate projection surface is the key to generating orthoimages with sufficient

geometric accuracy and visual quality . 

The advantage of the HT algorithm is that all points are processed independently and they are not affected by

outliers. It is robust to noise and can recognize multiple geometric shapes (such as multiple different planes). The

disadvantages of the HT algorithm are large computation, high computational complexity, and the choice of

parameter length .

3.2.2. Random Sample Consensus (RANSAC)

The RANSAC algorithm supports the segmentation of historic buildings to create a subset of point clouds

belonging to building components, including basic geometric shapes such as planes, spheres, cylinders, cones,

and tori. For example, Aitekadi et al. (2013)  extracted the principal planes of classical architecture from

coloured point cloud data combined with RGB values, laser intensity, and geometric data. Chan et al. (2021) 

used the RANSAC algorithm to separate individual planar features, which is the first step of the point cloud

colourization method based on a point-to-pixel orthogonal projection. Kivilcim and Zaide (2021)  extracted the

geometries of architectural façade elements from airborne lidar and ground lidar data that contain noise. The

extracted geometric elements facilitate transfer to BIM following Industry Foundation Classes (IFC) standards.
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Macher et al. (2014)  segmented geometric elements based on the RANCAS paradigm, such as planes,

cylinders, cones, and spheres from the TLS point cloud data of churches and fortresses in the 11th and 12th

centuries. 

The RANSAC algorithm can also detect defects on the surface of cultural relics by calculating the spatial distance

between the original point cloud and the fitted plane. For example, Nespeca and Luca (2016)  created a

deviation map between the point cloud of a wall and the RANSAC-fitted plane in the Saint-Maurice church in

Carrom, southern France. The deviation map can show areas of material loss on the artifact’s surface. The

roughness of the material surface of the cultural relic shows the degree of surface corrosion and can indicate

stormwater runoff.

3.3. Unsupervised Clustering Based

Point cloud unsupervised classification algorithms mainly include K-means , mean shift , and fuzzy clustering

. Cluster-based 3DPCS methods are more suitable for irregular geometric objects than region growing and

model fitting methods because they do not require the basic geometry of objects to be predefined. Cultural heritage

surface or structural diseases often manifest as irregular geometric features such as biological diseases,

weathering, cracks, and partial defects. Therefore, this algorithm is very suitable for extracting surface defects.

Segmenting damaged areas with similar geometric, colour, and reflection intensity features from the 3D point cloud

data and then making a map of cultural heritage disease investigation have become an efficient method for

diagnosing conservation status . Armesto-González et al. (2010)  used TLS with unsupervised

classification methods to produce a thematic map of damage affecting building materials. This work tested three

types of 3D laser scanning equipment (FARO Photon, TRIMBLE GX200, and RIEGL-Z390i) with different

wavelengths. The best result for the classification is the fuzzy K-means algorithm rather than K-means or ISO data.

4. Three-Dimensional Point Cloud Semantic Segmentation

Currently, the study case of the 3DPCSS algorithms is mainly based on historical buildings in Europe, with complex

structures, diverse roof types, decorated windows, different styles of columns, and complex geometric decorations.

The 3DPCSS algorithm can segment building elements and the surrounding environment (the ground and trees) in

one task. These elements have different semantic and physical properties and functions in cultural heritage. The

result of the segmentations are used for parametric modeling, incorporating digital models of artifacts into the HBIM

environment.

4.1. Supervised Machine Learning

3DPCSS based on machine learning has been widely used for the semantic understanding of indoor and outdoor

3D urban scenes . This method has also become a trend in classifying complex structures from cultural
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(1)

(2)

(3)

(4)

heritage point clouds, especially ancient architecture . The basic process for importing point clouds to

outputting semantic annotation 3D point clouds includes four steps :

Point cloud neighborhood selection.

Local feature extraction.

Salient feature selection.

Point cloud supervised classification.

4.2. Deep Learning

With the emergence of deep learning techniques, point cloud semantic segmentation has improved tremendously.

In recent years, many deep learning models have emerged to achieve semantic segmentation of 3D point clouds

.Compared with traditional segmentation algorithms, deep-learning-based model technology has a higher

performance of multi-scale spatial 3D information with semantic information at a different level of granularity, such

as semantic segmentation (scene level), instance segmentation (object level), and part segmentation (part level)

. According to the irregularity of point clouds, deep-learning-based point cloud semantic segmentation models

are divided into indirect and direct methods . The indirect method converts the irregular point cloud into a regular

structure to achieve segmentation.

4.3. Public Benchmark Dataset

The public standard benchmark dataset helps train the 3DPCSS models, based on which the automation of point

cloud data processing and 3D reconstruction of cultural heritage can be improved. An intensive search indicated

only four benchmark datasets that include cultural heritage, while most of them concern architectural heritage. An

architectural cultural heritage (ArCH) dataset was collected by 3D laser scanning and oblique photography,

including 17 annotated and ten unlabeled scenes . The WHU-TLS point cloud benchmark dataset  is

not a dataset dedicated to the cultural heritage field but includes a small part of architectural heritage.

SEMANTIC3D.NET  presents a 3D point cloud classification benchmark dataset with manually labeled points. It

covers a few historic buildings.
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