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3D geospatial technology research tools for analysing complex sites: Article II  

UUsing modular 3D digital earth applications based on point clouds 
for the study of complex sites7 

 

Abstract 
This article discusses the use of 3D technologies in digital earth applications (DEAs) to study complex 
sites. These are large areas containing objects with heterogeneous shapes and semantic information. 
The study proposes that DEAs should be modular, have multi-tier architectures, and be developed as 
Free and Open Source Software if possible. In DEAs requiring high reliability in the 3D measurements, 
point clouds are proposed as basis for the 3D Digital digital earth representation. For the 
development of DEAs, we propose to follow a workflow with four components: data acquisition and 
processing, data management, data analysis and data visualization. For every component, 
technological challenges of using 3D technologies are identified and solutions applied for a case study 
are presented. The case study is a modular 3D DEA developed for the archaeological project Mapping 
the Via Appia. The 3D DEA allows archaeologists to virtually analyze a complex study area. 

Keywords: 3D digital earth application, point clouds, data management, visualization 

1. Introduction 
Over the last decade, the use of 3D technologies in digital earth applications (DEAs) has 
grown considerably. The need to study complex areas in virtual 3D environments has been 
identified by many, for example, Basanow et al. (2008), Krüger and Meinel (2008), Stoter et 
al. (2011), von Schwerin et al. (2013), Zhang et al. (2014), Hu et al. (2015) and Hunter et al. 
(2015). These works propose solutions that place objects in large 3D spatial contexts, such 
as buildings in cities or structures in archaeological sites. However, these solutions are 
usually stand-alone applications with limited sharing capabilities or are relatively difficult to 
reuse since they are not developed as Free and Open Source Software (FOSS). 
As indicated by Craglia et al. (2012), the future for DEAs in general moves away from a 
single system infrastructure into multiple and highly connected infrastructures. These 
infrastructures should be openly accessible, serving multiple users with various 
backgrounds and skill levels. For these developments to thrive and to turn this vision into 
reality, both organizational and technological challenges need to be addressed (Craglia et 
al., 2012; Goodchild et al., 2012). 
This article contributes to addressing these technological challenges, and aims to provide 
technological insights for the development of future DEAs. We believe that the future of 

                                                
7 This chapter originally appeared as Martinez-Rubi, O., De Kleijn, M., Verhoeven, S., Drost, N., Attema, J., Van 
Meersbergen, M., Nieuwpoort, R., De Hond, R., Dias, E., Svetachov, P., 2016. Using a modular 3D digital earth 
applications based on point clouds for the study or complex sites A Modern 3D Data Infrastructure for Complex 
Sites. International Journal of Digital Earth, 9:12, 1135-1152, doi:10.1080/17538947.2016.1205673 . 

 



102 

 

DEAs is in modularity, i.e. in creating DEAs that are composed of multiple applications. 
These applications integrate state-of-the-art technologies, can interface between each 
other, and, if possible, are developed as FOSS. Moreover, following the recommendation by 
Craglia et al. (2012), we propose that such DEAs have multi-tier architectures to serve, 
through various interfaces, multiple users with different aims and technological skills levels. 
In multi-tier architectures, the functions regarding data management and regarding data 
analysis and data visualization are physically separated. 
We focus on the use of 3D technologies in DEAs for the study of relatively large and 
complex sites. These sites are areas containing objects that have heterogeneous shapes 
and that are enriched with semantic information. 
We propose to use point clouds as the basis for the 3D representations of the digital earth. 
Point clouds are more reliable than other detailed 3D representations such as polygonal 
models which require interpolation or modeling methods for their generation. If any 
interpolation or modeling method is used in a 3D digital earth representation, users will be 
inclined to interpret the representation as fact, where reality might be different. The 
reliability of the 3D digital earth representation is crucial in 3D DEAs that require the 
highest accuracy in measurements and analysis. 
As a case study, this article uses the archaeological project Mapping the Via Appia 
(www.mappingtheviaappia.nl; Mols, Moormann, and Pelgrom, 2013; de Kleijn et al., 2015; 
de Kleijn, de Hond, and Martinez-Rubi, 2016). This project studies two miles of the Via 
Appia Antica containing over 2000 archaeological objects and structures of interest. For this 
project, we have developed a modular 3D DEA. This is mostly based on FOSS components, 
thus our efforts can be replicated and improved upon by others. The technological 
characteristics of the solution are in line with a Spatial Data Infrastructure (SDI) approach. 
In fact, we have used this term in an article published in the journal for Digital Applications 
in Archaeology and Cultural Heritage (de Kleijn, de Hond, and Martinez-Rubi, 2016). In that 
article, we discussed the implications of the 3D DEA specifically on the field of archaeology 
and architectural history. From a more technical perspective, the term SDI does cover the 
approach presented; however, the consensus on what an SDI defines also entail 
organizational aspects (Hendriks, Dessers, and van Hootegem, 2012; de Kleijn et al., 2014). 
Since this study does not address the organizational aspects, we have decided to use the 
term DEA instead. 
For the development of any DEA in general, and in particular of the Via Appia 3D DEA, we 
propose to follow a technological workflow with four components: (i) data acquisition and 
processing, (ii) data management, (iii) data analysis, and (iv) data visualization. This 
workflow must be seen as an iterative process which is depicted in figure 1. The major 
direction of development flows clockwise, building the next component based on the 
outcome of the previous. However, in reality challenges are encountered that required 
direct feedback between the various components. 
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Figure 1. Technological workflow for developing DEAs 

For the components of the workflow, we identify sets of technological challenges that arise 
when using 3D technologies in the development of DEAs for the study of complex sites. 
These challenges are rather generic and shared across domains. Since in the context of this 
research the analysis and visualization components are, from a technological perspective, 
strongly related to each other, we decided to discuss them as one. Thus, the set of 
technological challenges becomes: 

 Data acquisition and processing. In order to obtain a reliable reality-based 3D 
digital earth representation (point cloud), the study area has to be measured and 
the objects of interest have to be identified. The identification of an object 
consists of the assignment of a unique identifier and the registration of its 3D 
position within the study area. Once identified, specific data for the objects of 
interest need to be added and related, i.e. semantic information and additional 
data such as pictures, paintings and alternative 3D representations (e.g. polygonal 
meshes). Some of these additional 3D data may be manually generated instead of 
acquired by sensors. In our case study, for instance, archaeological reconstructions 
are generated with 3D modeling software. Additionally, in some cases the 
generation of a complete 3D digital earth representation is not possible or the 
data cannot be collected at once. In our case study, for example, the 
archaeological objects of interest need to be cleaned before detailed reality-based 
models can be obtained. The process of acquiring and processing data therefore 
needs to be dynamic, allowing to update the 3D digital earth representation at 
different moments in time using various methods. 

 Data management. A system is required to deal with 3D digital earth 
representations which may be incomplete or consist of multiple parts. The system 
has to deal with different types of data, its object-oriented nature or division and 
its dynamic acquisition process. Moreover, data can also be updated. To allow 
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multiple users to access the data at the same time, the data must be stored in an 
online infrastructure. Additionally, in order to perform queries based on the 
spatial location and the structured semantic information, the data must be clearly 
structured so that it can be handled by database and spatial querying tools. 

 Data analysis and data visualization. In order to make 3D DEAs useful for users, 
tools for knowledge extraction are essential. Users need to be able to visualize and 
analyze the study area and the objects of interest while making use of the 
semantic and spatial query functionality provided by the data management 
system. This enables users to identify and explore in the virtual 3D environment 
the objects that fulfill their selection criteria. 

The remainder of the article has the following structure. In section 2 a short description of 
the Via Appia case study is provided. Sections 3–5 extend and take up the challenges in the 
components of the technological workflow and present the implementation details of the 
developed 3D DEA for the case study. Section 6 lists the conclusions of this article and 
discusses future work. Finally, the appendix contains additional implementation details of 
the developed 3D DEA. 

22. Case study: Mapping the Via Appia 
The Via Appia Antica, which runs from Rome south to Brindisi (Italy), is known as Europe's 
first paved long-distance road. The road originates from the Roman times, was constructed 
from the late 4th century BC onwards and had important commercial, military, religious 
and funerary functions. After the Roman period, the road fell into decay until it was 
reshaped as an archaeological park at the end of the 19th century. This setting of more 
than 2300 years of history encapsulates a complex multi-layered landscape containing 
remains of funerary monuments, villas, farmsteads, small industries and sanctuaries from 
antiquity, but also structures built on top of the monuments from the medieval period and 
reconstructions from the 19th century which are nowadays considered to be of doubtful 
archaeological quality. 
Within the Mapping the Via Appia project the area between the 5th and the 6th mile of the 
Via Appia Antica is studied. In this area there are over 2000 archaeological objects of 
interest, ranging from fragments and blocks ex situ to large in situ ancient ruins. Note that 
within the project we also refer to sites of interest, which are small areas that contain one 
or more objects of interest. The main aim of the project is to reconstruct how the 
structures alongside the road have changed over time. One of the biggest challenges is to 
analyze, in the large 3D spatial context, the more than 2000 objects scattered around the 
road. 
Systems for the 3D study of archaeological areas have already been proposed in Forte et al. 
(2012), Dell'Unto et al. (2013) and von Schwerin et al. (2013); however, they present one or 
more of the following limitations: they are limited to small areas, they cannot handle 
semantic information or they can only use oversimplified 3D models. 
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33. Data acquisition and processing 
In the data acquisition and processing component, we have identified three technological 
challenges. The first challenge regards the methods to obtain reality-based 3D digital earth 
representations. The second concerns the identification of the objects of interest and the 
attachment of their semantic information and other additional data. Finally, the third 
challenge deals with the level of automation that is required in order to foster efficient data 
acquisition and processing. Sections 3.1–3.3 extend the identified challenges and section 
3.4 presents our solutions for the case study. 
 
3.1. Reality-based 3D digital earth representation 

When obtaining a reality-based 3D digital earth representation, one must choose which 
type of 3D representation is going to be used, and which 3D scanning technologies and 
acquisition methods are going to be employed. 

3.1.1. Types of 3D representation 

All methods to capture reality-based 3D representations are based on point clouds. There 
are two options to represent the reality in 3D: to use derived models or to directly use 
point clouds. 

 Derived models, such as polygonal meshes, usually present closed virtual surfaces 
(without holes). However, interpolation or modeling methods are required to 
create these surfaces (e.g. with the Poisson surface reconstruction as described in 
Kazhdan, Bolitho, and Hoppe, 2006). By using interpolation or modeling methods, 
we are prone to model the surfaces unrealistically. This can be problematic and 
lead to significant errors when performing measurements in the 3D virtual scene. 

 The direct use of point clouds provides the most reliable representation of reality. 
The representation is what was sensed, without interpolation or modeling errors. 
Measurements in point clouds are more reliable when compared to derived 
models. However, there can be interpretation issues caused by the discrete nature 
of the data (holes, point density variation, etc.). 

Both options have advantages and disadvantages, but in this study we focus on 3D DEAs in 
which the reliability of the measurements in the 3D models is crucial. Therefore, we 
propose to use point clouds directly rather than derived models. 

3.1.2. 3D scanning technologies and acquisition methods 
There are several 3D scanning technologies, the most popular ones are Lidar techniques 
and photogrammetric methods. The former are based on measuring distances using laser, 
and the latter are based on acquiring images from different viewing angles which are 
combined and processed into point clouds. Photogrammetric methods are sometimes 
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referred to as Structure from Motion (SfM) techniques. For a more detailed comparison of 
Lidar and photogrammetric techniques, we refer the reader to Baltsavias (1999) and Gil et 
al. (2013). In addition to the choice in technology, there is also the choice in the acquisition 
method, for example, aerial, car-mounted and terrestrial. 
Since the different 3D scanning technologies and the various acquisition methods have 
their own limitations, the combination of multiple scanning technologies and acquisition 
methods is often required in order to get a proper 3D digital earth representation of a 
relatively large and complex area. The most obvious limitation is that an optical sensor can 
only scan surfaces that are visible from its location. For example, sensors mounted on cars 
will not be able to scan roofs or surfaces of buildings and structures not visible from the 
road. Furthermore, when scanning distant surfaces the areas which are parallel to the line 
of sight of the sensors cannot be scanned. For the scan of a city, aerial sensors will not be 
able to scan most of the facades of buildings. Only scanning within short distances when 
covering large areas is usually not feasible due to the amount of time it would take. The 
solution that we propose is to use acquisition methods that allow to cover the whole area 
from a relatively large distance, thus limited to what is seen from the sensor. Then, these 
scans are combined with short-range scans of the missing parts that are relevant for the 
study. The various scans can be done with the same or with different 3D scanning 
technologies. However, when integrating 3D data from different sensors one should be 
aware of issues with differently calibrated scales and the use of different spatial reference 
systems. 
 
33.2. Object identification and attachment of semantic and additional data 
There are multiple methods for automatic or semi-automatic object detection or extraction 
such as the ones presented in Bae, Belton, and Lichti (2007), Richter, Behrens, and Döllner 
(2013), Oude Elberink and Kemboi (2014), Yang, Xu, and Yao (2014) and Xiao et al. (2015). 
Although these studies have made significant contributions targeting at specific types of 
objects (e.g. trees, cars, building, etc.), the current solutions and algorithms are poorly 
applicable to automatically detect objects with heterogeneous shapes in large and complex 
areas. In some cases, automatic approaches can assist the users by highlighting or 
suggesting certain shapes. However, this becomes difficult in areas which also contain a 
high number of uninteresting objects that also have heterogeneous shapes. The most 
feasible strategy is therefore to use manual identification either in the real world or in the 
3D digital earth representations. 
Subsequently to identify objects of interest, assign unique identifiers and register their 3D 
positions, the data with the characteristics for the objects of interest need to be attached. 
Regarding this semantic information (or attributive data), we propose to use a structured 
data format. In this manner, the data can be imported in database systems whose rich 
query functionality can be exploited for advanced semantic analysis. 
In addition, for each object of interest other types of data may need to be integrated. This 
includes the scans required to complement the 3D digital earth representation of the area 
as described in section 3.1, and maybe their repetition in different moments in time. Other 
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types of data that may need to be integrated are pictures, paintings, 3D models (polygonal 
meshes) of reconstructions of the objects, etc. 
 
33.3. Automation 
This challenge concerns efficiency issues that may occur when manual intervention is 
required during the acquisition and processing of data. For example, Section 3.1 pointed 
out that the combination of multiple datasets from various scanning technologies and 
methods is often required to obtain a proper 3D digital earth representation. For the 
combination, these datasets need to be aligned and resized into a common spatial 
reference system. If the process for the alignment and the resizing of each dataset requires 
user interaction, this will significantly affect the efficiency and required time of the whole 
process. This can be critical when the number of datasets to combine becomes high. 
Therefore, we propose to use methods that minimize the manual user intervention as 
much as possible. 
 
3.4. Via Appia implementation 
This subsection explains how the described challenges have been addressed in the case 
study. To obtain a georeferenced reality-based 3D point cloud of the study area Fugro's 
DRIVE-MAP system (http://www.drive-map.eu/) is used. This technology uses a car with a 
Lidar scanner combined with a differential GPS and a photo camera. Although this point 
cloud contains a scan of the entire study area, it is limited to the surfaces visible from the 
road. To identify the different sites and objects of interest their 2D georeferenced 
footprints are collected in the field using a differential global positioning system (DGPS) 
manufactured by Topcon (https://www.topconpositioning.com/). In order to complement 
the DRIVE-MAP dataset and to obtain a complete 3D digital earth representation of the 
study area we use SfM. This method requires multiple pictures for each site of interest 
from different viewing angles and based on patterns in the pictures it generates a point 
cloud for each site. Additionally, a polygonal mesh can be generated from each point cloud. 
Since the number of sites of interest is relatively high, we have developed an automatic 
image-based modeling tool chain (Drost, Spaaks, and Maassen, 2016) by integrating FOSS 
tools developed by other researchers, concretely SIFT (Lowe, 2004), Bundler (Snavely, Seitz 
and Szeliski, 2006) and CMVS/PMVS2 (Furukawa et al., 2010; Furukawa and Ponce, 2010). 
However, the used photogrammetry methods produced point clouds which are relatively 
scaled and not referenced to the earth's surface. 
In order to align the point clouds of the sites generated using SfM with the georeferenced 
point cloud acquired by DRIVE-MAP (referred to as background point cloud), an automatic 
registration (alignment) tool has been developed (Attema et al., 2016). The tool uses the 
footprints, the DRIVE-MAP point cloud and the SfM point clouds as input. For each SfM 
point cloud of a site, the registration is performed in the following way: first, the 
registration tool applies the dbscan (Ester et al., 1996) algorithm to filter out noise and 
select the densest parts of the point cloud. In most cases, this corresponds to the object of 
interest since it is at the focal point of all the images; second, the SfM point cloud is roughly 
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situated in the DRIVE-MAP reference system using the footprint; third, the scale is 
estimated by using known image features in the SfM point cloud (range rods whose length 
is known); Finally, the generalized iterative closest point algorithm (Segal, Haehnel and 
Thrun, 2009) is used to refine the alignment. Even though the photogrammetric and 
registration methods usually require a high degree of manual intervention, our developed 
tools have managed to automate the processing in approximately 50% of the cases. 
Semantic information (or attributive data) is gathered by field observations for the various 
sites and objects. This information consists of archaeological and architectural relevant 
information such as type of material, decoration type, dating, condition, etc. 3D 
archaeological reconstructions (polygonal meshes) are created with known 3D modeling 
software tools such as 3ds Max, SketchUp, or Blender. These reconstructions show the 
archaeological interpretation of how the different sites might have looked in antiquity and 
how they possibly transformed in later periods. Additionally, contemporary and historical 
pictures, drawings and paintings derived from archival research are collected. 
An overview of the data acquisition and processing for the Via Appia 3D DEA is depicted in 
figure 2. Initially, the default (‘raw’) formats of the different types of data as obtained from 
the acquisition methods and registration tools are used. For the point cloud data this is the 
LAS format, OBJ/PLY for the polygonal meshes and PNG/JPEG for the pictures. The 
attributive data of sites and objects are collected by the archaeologists in the field using 
Microsoft Access and the MDB file format, while the 2D footprints are provided as an ESRI 
ShapeFile. 

In order to visualize and analyze the data with the developed client applications, which will 
be elaborated in section 5.3, the point clouds, polygonal meshes and pictures are 
converted to specific formats used by those tools. This is done in the last phase of the data 
processing stage. 

44. Data management 
In the data management component of the workflow, we have identified four technological 
challenges. The first challenge concerns how to manage a 3D digital earth representation 
that is the combination of multiple point clouds that, additionally, can be updated. The 
second challenge regards the integration of the multiple point clouds with other types of 
data. The third challenge deals with finding the most suitable architecture to provide multi-
user support. Finally, the fourth challenge is to provide analytic and semantic functionality. 
Sections 4.1–4.4 extend the identified challenges and section 4.5 shows the approach we 
took to address the challenges in the Via Appia case study. 
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Figure 2. Data acquisition and processing flow chart with the different types of data (point clouds, 
polygonal meshes, pictures, 2D footprints and sites/objects attributes) and their various formats, i.e. 
the raw formats and the different formats required by the client applications. *For sites for which the 
automatic registration tool does not work manual registration tools are implemented 
 
44.1. Multiple point clouds 
From the data acquisition and processing, we stated that multiple reality-based datasets 
(point clouds) need to be integrated in order to generate a complete and reliable 3D digital 
earth representation of the study area. There are studies (van Oosterom et al., 2015a; 
Martinez-Rubi et al., 2015a) that deal with how to manage single point clouds with many 
points. However, the difference with the current research is that this consists of multiple 
relatively small point clouds. We propose to keep the various point clouds separated 
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instead of merging them for two reasons: (i) it facilitates manual registration (the tools to 
re-align and re-scale the 3D models sometimes fail) and (ii) it allows to easily add new scans 
of the objects. 
 
44.2. Data integration 
In order to enhance data exploration and be able to access the available data per object, 
the multiple point clouds that form the 3D digital earth representation have to be related 
to other types of data into a single infrastructure. Examples of other types of data are meta 
data, pictures or derived models from the point clouds such as polygonal meshes. For the 
integration of the data, we propose to use a relational database management system 
(RDBMS). The relational aspect of RDBMS is crucial to establish the relationship between 
the multiple point clouds, other 3D models and other types of data. However, current 
database solutions do not provide efficient support to visualize 3D data such as point 
clouds directly from the database, nor are the available visualization tools compatible with 
database systems as data back end. As identified in van Oosterom et al. (2015b), databases 
with point cloud functionality lack efficient level-of-detail (LoD) support, which is required 
for visualization. Therefore, we propose to use a hybrid data management system (HDMS) 
that keeps the data in the most optimal format for the tools that have to use it while still 
using a database to handle the data relations. In the database only the references (i.e. file 
locations) of the data are stored. 
 
4.3. Multi-user architecture 
In order to allow users to simultaneously access and change the data on different locations, 
the interaction must be synchronized. We therefore propose a two-tier architecture with 
the data centralized in a cloud-based server. The concept of storing and disseminating large 
point cloud datasets making use of cloud computing resources had already been suggested 
by Kodde (2010). The client layer of the proposed architecture contains the front-end 
applications where the users can interact with the system (see details in section 5.3). For 
the analysis and visualization, the client applications download copies of the data from the 
server. Ideally this is done on demand so not all data are downloaded but only this required 
by the user. Any change to the data made by the users, like adding new data, must be 
consistently synchronized from the server to all clients. 
 
4.4. Analytic and semantic functionality 
Beyond the interfaces to visualize the 3D data, including identified objects with attributes 
as well as other additional data, it is necessary to include analytic functionality to query the 
dataset based on the geospatial locations. However, and most important, it is also required 
to enable semantic queries, i.e. to retrieve only certain objects that match a user-defined 
criterion based on the semantic attributes of the objects. We therefore propose to import 
the semantic information into the RDBMS in order to exploit its SQL query functionality. 
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Figure 3. Schematic overview of the HDMS using directory structures (file-based data structures) to 
store the data in various formats and a database to store meta data of the directory structures 
(location of the files) as well as the 2D footprints and the semantic information (attributes of the sites 
and objects). The latter is imported into the database after a conversion from Microsoft Access to 
PostgreSQL using Bullzip Access to PostgreSQL (http://www.bullzip.com/products/a2p/info.php) 
 
 

 
Figure 4. Two-tier client–server architecture of the Via Appia 3D DEA 
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44.5. Via Appia implementation 
This subsection explains how the challenges related to data management have been 
addressed for the case study. The developed 3D DEA for Mapping the Via Appia has a two-
tier architecture where the (Linux) server uses a HDMS to manage the data (figure 3). The 
multiple point clouds and other related data for the various sites of interest are kept 
separated in their raw formats but also in the formats required by the front-end 
applications that have to use them (see section 5.3). They are stored in directory structures 
and their references (file locations) are imported into the RDBMS component of the HDMS 
which is implemented in PostgreSQL-PostGIS and is called viaappiadb. In the database we 
also import the semantic information (sites/objects attributes) and the 2D footprints. 
Appendix 1 contains more technical details of the viaappiadb, concretely of its entity–
relationship diagram. 
All manipulations of the data in the directory structures as well as in the database are 
performed using a set of Python scripts (Martinez-Rubi et al., 2016) and must be done 
while connected to the server. This ensures data consistency within the described system. 
The scripts allow adding and deleting data, exchanging the data in the various formats, 
updating the database with changes in the directory structures and updating the database 
with new semantic information and 2D footprints. 

Figure 4 illustrates the two-tier client/server architecture of the 3D DEA. As previously 
mentioned, the server contains the HDMS with the master copy of the data and the 
PostgreSQL-PostGIS database. The client layer of the architecture contains the front-end 
applications that run on the computers of the users. These applications require the 
generation of configuration files which is also done in the server. Depending on the 
application we use the Xenon library (Maassen et al., 2015) or a NGINX HTTP server to 
download copies of the data required for the visualization and the configuration files to the 
user's computer. The former is used to synchronize a copy of a data folder in the user's 
computer with the master copy in the server, while the latter is used to download copies of 
specific files in the server into the user's computer. Additionally, connections to the 
database can be made from the client applications. This allows exploiting the analytic and 
semantic functionality of the system. Section 5.3 provides more information on the 
developed client applications, including additional details regarding the data 
synchronization with the server. 

5. Data analysis and data visualization 
For the development of tools for data analysis and data visualization, we have identified 
two technological challenges. The first challenge encompasses the visualization of relatively 
large complex sites composed of multiple point clouds, polygonal meshes and pictures. The 
second challenge regards the provision of functionality to perform spatial and semantic 
analysis in a virtual 3D environment. Sections 5.1 and 5.2 extend the identified challenges 
and section 5.3 shows how we addressed the challenges for the case study. 
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55.1. 3D visualization 
In the past few years various desktop visualization applications for large point clouds have 
been developed, e.g. Wimmer and Scheiblauer (2006), de Haan (2010), Richter and Döllner 
(2010), Günther et al. (2013) and Richter, Discher, and Döllner (2015). However, these 
applications tend to be limited. One of the main issues is that these applications need the 
data, which can easily add up to hundreds of gigabytes, to be locally stored. This is 
problematic since users need to have sufficient disc space available in their local machines. 
Additionally, this may be aggravated when dealing with datasets that have multiple 
versions. 
An alternative to desktop applications are web applications, which are gaining popularity 
thanks to the recent developments in web 3D visualization. Renderers using WebGL have 
become available for the visualization of point cloud data over the web, for example Plasio 
(http://plas.io/), Unity (https://unity3d.com/) and Potree (http://potree.org/), the latter 
based on the previous work by Wimmer and Scheiblauer (2006) and extended by Schütz 
and Wimmer (2015). These options are compatible with the possibility to host the data 
remotely. However, currently they tend to be experimental of nature, limiting their 
performance or requiring plug-ins to be installed. Work has been done on extending the 
capabilities to visualize massive point clouds over the web (Martinez-Rubi et al., 2015b). 
Nonetheless, the focus in these studies was on visualizing single (massive) point clouds, 
rather than having multiple small ones. 
An additional limitation that affects both desktop and web applications, is the fact that 
usually they target at a specific type of data, for example to only visualize point cloud data, 
and they normally do not include functionality to combine these with other data types. 
 
5.2. Analytic and semantic functionality 
In addition to the visualization of multiple types of data, the client applications must also 
have analytic and semantic functionality. This includes measuring tooling and a visual 
interface to the semantic information stored in the data management layer of the 
centralized cloud-based server as proposed in section 4.4. The challenge here is to combine 
analytic and semantic functionality with the visualization. Thus, the client-side applications 
must have a connection with the cloud-based server and must allow the user to make 
selections of which data are visualized, based on spatial and semantic criteria. 

Since no solutions exist that simultaneously solve the challenges described in the previous 
and current subsections, we propose to use easy-to-extend solutions to which the missing 
functionality to address the challenges can be added. 

5.3. Via Appia implementation 
In this subsection we explain how the challenges related to data analysis and data 
visualization have been addressed for the case study. Within the project we explored two 
front-end applications: a desktop application and a web application. They are both based 
on existing solutions that have been extended to address the described challenges as much 
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as possible. The next subsections provide more details about their features. How the tools 
developed relate to the user requirements has been discussed in de Kleijn, de Hond, and 
Martinez-Rubi (2016). Table 1 offers a summary. 
 
5.3.1. Desktop windows application 
The developed desktop Windows application is based on OpenSceneGraph 
(http://www.openscenegraph.org/) and requires the point clouds, polygonal meshes and 
pictures to be converted to the OpenSceneGraph binary format. This conversion has 
already been done as part of the data acquisition and processing workflow. A snapshot of 
the application is depicted in figure 5. 
This application requires a copy of the converted data to be downloaded from the server to 
the user computer. The same application performs the download before launching the 3D 
viewer using the Xenon library. The application requires a configuration file, which is 
generated from the database and also downloaded by Xenon. 
 

 
Figure 5. Snapshot of the desktop Windows application depicting the graphical user interface showing 
a reconstruction mesh (de Hond, 2014) on top of the background point cloud. The user interface 
depicts the tab with the database query constructor tool 
 
As mentioned in section 4.5, any modification to the data is made at the server using the 
developed Python management scripts. The only exception is that users can change the 
position and the scale of the visualized objects in this application. In this case the data 
modification at the database in the server is done by remotely executing one of the 
management scripts containing information of the edited location. This is done 
automatically by the desktop application when the tool is quit using the Xenon library. 
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TTable 1. Relationship between the user requirements and the developed front-end client applications. 
Extracted and adapted from de Kleijn, de Hond, and Martinez-Rubi (2016) 

User requirements  Desktop application  Web AApplication 
(i) to visualize a detailed reality-based model of 
the study area, and to perform accurate 
measurements on and between structures and 
objects. This means: 

    

  • Acquiring and processing highly accurate 
reality-based model 

DRIVE-MAP combined with 
SfM and referencing 
algorithms 

DRIVE-MAP 
combined with 
SfM and 
referencing 
algorithms 

  • Visualizing complex landscapes with the 
various objects and structures integrated in 
one 3D viewer 

Integrated point cloud viewer 
and polygonal models 

Point cloud web 
viewer 
accompanied 
with separate 
polygonal viewer 
(3DHOP) 

  • Providing tools to measure distances and 
volumes 

Distances, angles and volumes 
distances, angles 
and volumes 

(ii) to perform spatio-temporal analysis by 
querying the objects and structures based on 
attributive information (such as dating and 
type of decoration) 

SQL query builder 

Keyword search 
on characteristics 
in all or selected 
fields 

(iii) to position historical images within the 
virtual 3D environment (over the last three 
hundred years the Via Appia has been the 
subject of numerous paintings, drawings and 
photographs). This allows archaeologists to 
analyze (a) relatively recent changes within the 
landscape and the archaeological objects in it, 
and (b) how the road was perceived in more 
recent times 

Integrated functionality to add, 
move and visualize historical 
images 

Not available 

(iv) to integrate 2D GIS data. This allows 
archaeologists to compare the various 2D GIS 
data sources that are collected during the 
project (georeferenced historical maps, aerial 
photographs, vector excavation data, remote 
sensing data, and geophysics data). 

Not available 

A mini-map 
interacting with 
the viewing 
position in 3D is 
included. It 
allows 
integrating OGC 
mapping services 
(to integrate 
other relevant 2D 
GIS data) 

 
This tool is targeted at advanced users, is fully featured and very versatile. However, it is 
the only component of the Via Appia 3D DEA which is not FOSS. The reason is that it is a 
modified version of an existing commercial tool. In addition to the already commented 
functionality, the application has the following features: 
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 It shows the different types of data (i.e. point clouds, polygonal meshes, and 
pictures) in the same 3D scene. 

 It contains measurement tools to measure distances and volumes as well as 
labeling tools to add visual labels into the 3D scene. 

 A query constructor tool is available. This allows to execute custom queries 
directly in the database for selecting sites and objects based on attributive data 
while being able to visualize the results in the 3D scene. 

Limitations to the desktop application are that the data needs to be synchronized with the 
server, which means that significant disc-space at the user computer needs to be available. 
Furthermore, since users experienced the installation of the desktop application and the 
interface and functionality to be complicated, the desktop application is mostly used by IT-
experienced users, and not usable for the entire targeted user group of the Via Appia 3D 
DEA. 
 
5.3.2. Web viewer 
The web application (van Meersbergen et al., 2016) is based on Potree (http://potree.org/) 
to display the multiple point clouds. The Potree basic renderer has been adapted to be able 
to display multiple point clouds in the same 3D scene with the option to select which ones 
are visible. The web application also uses 3DHOP (http://vcg.isti.cnr.it/3dhop/) developed 
by Potenziani et al. (2015) to display the polygonal meshes. This requires the point clouds 
to be converted to the Potree format and the polygonal meshes to be converted to the 
Nexus format used by 3DHOP. This conversion has already been done as part of the data 
acquisition and processing workflow. 
Figure 6 depicts a snapshot of the web viewer with the point clouds being displayed using 
Potree in the main scene and the polygonal meshes being displayed using 3DHOP in a 
different window. 
The web viewer does not require a copy of any directory structure before its execution. Like 
the desktop viewer, it requires a configuration file generated from the database. The 
configuration file and the Potree and Nexus converted data required for the visualization 
are provided to the web viewer through the NGINX HTTP server. 
The web viewer is suited for all types of users. The interface is experienced as easy to use, 
and since it does not require additional installations it is easy to distribute. In addition to 
displaying the point clouds and polygonal meshes, the web viewer has the following 
features: 

 It does not require any installation, only a modern web browser (tested 
successfully in Apple Safari, Google Chrome, Microsoft Edge, and Mozilla Firefox). 

 Measurement tools are available to measure distances and volumes. Additionally, 
Potree offers the option to make cross sections. 

 It has a 2D mini-map where multiple imagery layers can be used. This also contains 
a field of view depiction that is related to the current view point in the 3D scene. 
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 The search bar allows to easily focus on a particular site. The site information box 
shows an overview of the attributive data of a site. The search bar can also be 
used to perform simple queries which are only based on a sample of the full 
attributive data, for example to search the sites whose description contains the 
word ‘basalt’. 

 

Figure 6. Snapshot of the web viewer showing a point cloud of a selected site on top of the 
background point cloud, a mesh on a different 3D scene and the site information box with attributive 
data of the selected site 
 
Limitations of the web viewer are that the different types of data cannot be visualized in 
the same 3D scene and pictures cannot be visualized at all; only thumbnails are used for 
the sites in the site information box. The web application does not allow moving and scaling 
the visualized data and it does not contain a direct database connection for complex 
custom site and object queries. However, this is not considered to be an issue since the 
desktop application provides these features. Note that these limitations are due to lack of 
time for implementation, not because of any technical limitations. 
In addition to Potree and 3DHOP, the viewer also uses OpenLayers for the 2D orientation 
mini-map and AngularJS as JavaScript framework. Therefore, all the components of this 
tool, including the web viewer itself, are FOSS. 
 
6. Conclusions 
This article contributes to the concept of 3D digital earth by identifying, describing and 
addressing the challenges that arise when using 3D technologies in DEAs to study complex 
sites. These contain objects that have heterogeneous shapes and that are enriched with 
structured semantic information. 
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The article aims to provide technological insights for the development of future 3D DEAs. It 
states that the future of DEAs is in modularity, i.e. in creating DEAs that combine multiple 
applications. These applications integrate state-of-the-art technologies, interface between 
each other, and are, ideally, FOSS. It also suggests that the DEAs have multi-tier 
architectures to simultaneously serve multiple users with different skills and goals. For 
DEAs requiring high reliability in the 3D measurements, it proposes to use point clouds 
directly as 3D digital earth representations instead of derived models such as polygonal 
meshes. For the development of DEAs, it proposes to follow a workflow that consists of (i) 
data acquisition and processing, (ii) data management, (iii) data analysis and (iv) data 
visualization. 
As case study, this article discusses the Mapping the Via Appia project for which we have 
developed a specific modular 3D DEA. The 3D DEA has a multi-tier architecture and 
combines a set of components that can be re-used individually or as a whole for other 
projects as almost all the developed tools are FOSS. This targets not only other archaeology 
projects but also other domains where the digital earth is studied in 3D. 
The article presents methods to create a data acquisition and processing workflow to 
obtain and process different types of data. It suggests to combine long-range and short-
range capturing methods to obtain more complete 3D digital earth representations. 
Additionally, the article identifies the need to automate the processes as much as possible. 
We propose to use a HDMS, which combines a database and directory structures, to handle 
the data. The point clouds and the other data are kept in the directory structures in the 
various formats used by the client applications. Their references (file locations) are 
imported into the database. This is done to provide the most efficient access to the client 
applications. We suggest to keep the multiple point clouds obtained from the various 
acquisition methods separated to ease the refinement of the registration of various point 
clouds and to ease the addition of new sites and objects. The database also contains the 
semantic information of the sites and objects. This approach gives the possibility to query 
data based on semantic and spatial selections. All the data are stored and managed in a 
cloud-based server which is part of the two-tier server/client architecture of the system. 
This allows multiple researchers to visualize and analyze the data simultaneously from 
different locations. 
The client applications download copies of the data on demand. The article explores the 
current alternatives in visualization and analytic tools for client applications. Due to the lack 
of solutions with the required functionality, i.e. the visualization of all collected 3D data 
combined with a visual interface to the semantic and analytic functionality, it suggests to 
chose easy-to-extend options to which the missing functionality can be added. For the case 
study, two different front-end applications have been developed and presented. The first 
one exploits the mature state of desktop-based 3D applications to provide a tool which is 
rich in functionality. The second one benefits from the recent improvements in 3D web 
visualization technologies, such as Potree and 3DHOP, to provide an easy-to-use 3D web 
viewer. By having multiple clients for various purposes, the proposed system is able to 
target users with different levels of IT expertise. 
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The proposed workflow for the development of DEAs is an iterative process where each 
component learns from every other. Each new iteration of the process brings new 
challenges that need addressing. From that perspective, this article must be seen as a first 
step. This paper has identified and addressed the challenges that arose in the first 
iterations of the process. Therefore, future steps will be to follow the described iterative 
process and, in parallel, to keep track of the new developments in software, with focus on 
FOSS, on these rapidly changing technologies. The described methodologies are reusable in 
other applications and domains where we expect that they will produce new generic 
challenges that need to be solved. 
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AAppendix. Entity–relationship diagram of viaappiadb 

 
Figure A1. The entity–relationship diagram of the viaappiadb database implemented as part of the 
HDMS of the Via Appia 3D DEA (see section 4.5) 

Figure A1 depicts the entity–relationship diagram of the viaappiadb, showing the most 
relevant tables and table columns as well as the direct connections between the tables 
from the different categories. The table IITEM contains the physical entities under study and 
two types are distinguished. First, a site item (from now on site) is used for an 
archaeological site of interest and, second,background item (from now on background) is 
used to define the whole study area as a single entity. An item can contain multiple parts or 
objects which are stored in the table IITEM_OBJECT (note that each archaeological structure 
of the study area is considered an item itself and not an item_object of the background). 
The AATTR category contains the attributive data of theitems and their item_objects. The 
RAW category contains the locations of the point clouds, polygonal meshes and pictures in 
their raw file formats while the PPOTREE, NNEXUS and OOSG categories contain the file 
locations of the converted data. The PPOTREE category contains point cloud data and the 
NEXUS category contains mesh data, which are used by the web viewer application. On the 
other hand, the OOSG category contains point clouds, polygonal meshes and pictures, which 
are used by the desktop Windows application. This application also allows updating the 
position and the scale of the objects in the 3D scene (which is not possible in the web 
viewer), thus a table to store the position of moved and scaled objects is required and has 
been included. Note that some of the relationships are ‘1 to 0..n’ or ‘1 to 0..1’ (with black 
points) instead of the usual ‘1 to 1..n’. This is to illustrate that some items and item_objects 
may have entries in some tables but not in others. (e.g. it is possible to have a site in the 
ITEM table which has no entry in the attributes table (IITEM_ATTR) because attributive 
information of that site has not been collected yet.) 



121 

 

RReferences 
Attema, J., Borgdorff,J., Buitinck, L., Martinez, C., Meijer, C., Spaaks, J.H., Maassen, J., Drost, N., 2016. 

PattyAnalytics. 1.0.0.doi:10.5281/zenodo.45925. 
Bae, K.-H., Belton, D., Lichti, D.D., 2007. Pre-processing Procedures for Raw Point Clouds from 

Terrestrial Laser Scanners.Journal of Spatial Science 52 (2), 65–74. 
doi:10.1080/14498596.2007.9635123. 

Baltsavias, E.P., 1999. A Comparison between Photogrammetry and Laser Scanning.(ISPRS) Journal of 
Photogrammetry and Remote Sensing 54 (2–3): 83–94. Available at: 
http://www.sciencedirect.com/science/article/pii/S0924271699000143 . 

Basanow, J., Neis, P., Neubauer, S., Schilling, A., Zipf, A., 2008. Towards 3D Spatial Data Infrastructures 
(3D-SDI) based on open standards — experiences, results and future issues. In: Van 
Oosterom, P., Zlatanova, S., Penninga, F., Fendel, E.M. (Eds.), Advances in 3D Geoinformation 
Systems. Berlin Heidelberg, II.: Springer, 65-86.  

Craglia, M., De Bie, K., Jackson, D., Pesaresi, M., Remetey-Fülöpp, G., Wang, C., Annoni, A., 2012. 
Digital Earth 2020: Towards the Vision for the Next Decade. International Journal of Digital 
Earth 5 (1): 4–21. doi:10.1080/17538947.2011.638500. 

De Haan, G., 2010. Scalable Visualization of Massive Point Clouds.In Management of Massive Point 
Cloud Data: Wet and Dry, edited by Peter van Oosterom, George Vosselman, Thaiënne van 
Dijk, and Milan Uitentuis, 59–68. Green Series. Nederlandse Commissie voor Geodesie. 
Available at: http://www.ncgeo.nl/phocadownload/49NCGGroenPointClouds.pdf  . 

De Hond, R.J.F., 2014. A Pyramidal Structure along the Via Appia. Documentation and reconstruction, 
Masters thesis, Radboud University Nijmegen (unpublished). 

De Kleijn, M., De Hond, R., Martinez-Rubi, O. 2016. A 3D Spatial Data Infrastructure for Mapping the 
Via Appia.Digital Applications in Archaeology and Cultural Heritage. Available at: 
http://www.sciencedirect.com/science/article/pii/S221205481630008X . 

De Kleijn, M., De Hond, R., Martinez-Rubi, O., Svetachov, P., 2015. A 3D Geographic Information 
System for Mapping the Via Appia, Technical Report Research Memorandum (VU-FEWEB) 
2015-1. Amsterdam: VU University Amsterdam. 

De Kleijn, M., Van Manen, N., Kolen, J., Scholten, H., 2014. Towards a user-centric SDI framework for 
historical and heritage European landscape research, International Journal of Spatial Data 
Infrastructure Research, Vol. 9 No. 1, 1-35. doi:10.2902/1725-0463.2014.09.art1. Available at: 
http://ijsdir.jrc.ec.europa.eu/index.php/ijsdir/article/view/341/356  [accessed 25 April 2016]. 

DellUnto, N., Ferdani, D., Leander, A.M., Dellepiane, M., Callieri, M., Lindgren, S., 2013. Digital 
Reconstruction and Visualization in Archaeology. Case-Study Drawn from the Work of the 
Swedish Pompeii Project. In: Addison, A., Guidi,G., De Luca, L., Pescarin,S. (Eds.), Digital 
Heritage International Congress, Marseille: The Eurographics Association, 621–628. 

Drost, N., Spaaks, J.H., Maassen, J., 2016. Structure-From-Motion. 1.0.0.doi:10.5281/zenodo.45926. 
Ester, M., Kriegel, H.P., Sander, J., Xu, X., 1996. A Density-Based Algorithm for Discovering Clusters in 

Large Spatial Databases with Noise, Portland: AAAI Press, 226–231. 
Forte, M., DellUnto, N., Issavi, J., Onsurez, L., Lercari, N., 2012. 3D Archaeology at Çatalhöyük.  

International Journal of Heritage in the Digital Era 1 (3), 351–378. doi:10.1260/2047-
4970.1.3.351. 

Furukawa, Y., Curless, B., Seitz, S.M., Szeliski, R., 2010. Towards Internet-scale Multi-view 
Stereo.Computer Vision and Pattern Recognition (CVPR), 2010 IEEE Conference, San 
Francisco, CA, 1434–1441. doi:10.1109/CVPR.2010.5539802. 

Furukawa, Y., Ponce, J., 2010. Accurate, Dense, and Robust Multi-View Stereopsis. IEEE Trans. on 
Pattern Analysis and Machine Intelligence 32 (8), 1362–1376. 

Gil, A.L., Núñez-Casillas, L., Isenburg, M., Benito, A.A., Rodrigo Bello, J.J., Arbelo, M., 2013. A 
Comparison between LiDAR and Photogrammetry Digital Terrain Models in a Forest Area on 
Tenerife Island. Canadian Journal of Remote Sensing 39 (05): 396–409. 
http://pubs.casi.ca/doi/abs/10.5589/m13-047 . 



122 

 

Goodchild, M., Guo, H., Annoni, A., Bian, L., De Bie, K., Campbell, F., Craglia, M., 2012. Next-
generation Digital Earth.Proceedings of the National Academy of Sciences 109 (28), 11088–
11094.  Available at: http://www.pnas.org/content/109/28/11088.abstract  . 

Günther, C., Kanzok, T., Linsen, L., Rosenthal, P., 2013. A GPGPU-based Pipeline for Accelerated 
Rendering of Point Clouds.Journal of WSCG 21 (2): 153–161. Available at: http://www.paul-
rosenthal.de/wp-content/uploads/2013/06/guenther-wscg-2013.pdf . 

Hendriks, P.H.J., Dessers, E., Van Hootegem, G., 2012. Reconsidering the definition of a spatial data 
infrastructure, International Journal of Geographical Information Science, 26:8, 1479-1494. 
doi:10.1080/13658816.2011.639301. 

Hu, Y., Lv, Z., Wu, J., Janowicz, K., Zhao, X., Yu, B., 2015. A Multistage Collaborative 3D GIS to Support 
Public Participation.International Journal of Digital Earth 8 (3), 212–234. 
doi:10.1080/17538947.2013.866172. 

Hunter, J., Brooking, C., Reading, L., Vink, S., 2015. A Web-Based System Enabling the Integration, 
Analysis, and 3D Sub-Surface Visualization of Groundwater Monitoring Data and Geological 
Models.International Journal of Digital Earth: 1–18. doi:10.1080/17538947.2014.1002866. 

Kazhdan, M., Bolitho, M., Hoppe, H., 2006. Poisson Surface Reconstruction.In Proceedings of the 
Fourth Eurographics Symposium on Geometry Processing, 61–70. Cagliari, Sardinia, Italy. SGP 
06. Aire-la-Ville, Switzerland: Eurographics Association.  Available at: 
http://dl.acm.org/citation.cfm?id=1281957.1281965 . 

Kodde, M., 2010. The Art of Collecting and Disseminating Point Clouds. In: Van Oosterom, P., 
Vosselman, G., Van Dijk, T., Uitentuis, M. (Eds.), Management of Massive Point Cloud Data: 
Wet and Dry,  9–15. Green Series. Nederlandse Commissie voor Geodesie.  Availabel at: 
http://www.ncgeo.nl/phocadownload/49NCGGroenPointClouds.pdf . 

Krüger, T.,  Meinel, G., 2008. Using Raster DTM for Dike Modelling.In Van Oosterom, P., Zlatanova, S., 
Penninga, F., Fendel, E., Advances in 3D Geoinformation Systems, 101–113. Lecture Notes in 
Geoinformation and Cartography. Berlin: Springer. doi:10.1007/978-3-540-72135-2_6. 

Lowe, D.G., 2004. Distinctive Image Features from Scale-Invariant Keypoints.International Journal of 
Computer Vision 60 (2): 91–110. doi:10.1023/B:VISI.0000029664.99615.94. 

Maassen, J., Verhoeven, S., Borgdorff, J., Drost, N., Spaaks, J.H., Van Nieuwpoort, R., De Boer, P., Van 
Werkhoven, B., 2015. Xenon: Xenon, 1.1.0. doi:10.5281/zenodo.35415. 

Martinez-Rubi, O., Van Haren, R., Ranguelova, E., Goncalves, R., Ivanova, M., 2016. PattyData: 1.0.0. 
doi:10.5281/zenodo.45924. 

Martinez-Rubi, O., Van Oosterom, P., Gonçalves, R., Tijssen, T., Ivanova, M., Kersten, Alvanaki, F., 
2015a. Benchmarking and Improving Point Cloud Data Management in MonetDB.SIGSPATIAL 
Special 6 (2), 11–18. doi:10.1145/2744700.2744702. 

Martinez-Rubi, O., Verhoeven, S., Van Meersbergen, M., Schütz, M., Van Oosterom, P., Gonçalves, R., 
Tijssen. T., 2015b. Taming the Beast: Free and Open-Source Massive Point Cloud Web 
Visualization.In Proceedings of the Capturing Reality 2015 Conference, 23-25 November 2015, 
Salzburg, Austria. 

Mols, S., Moormann, E., Pelgrom, J., 2013. Mapping the Via Appia.Tijdschrift voor Mediterrane 
Archeologie 50, 86. 

Oude Elberink, S., Kemboi, B., 2014. User-Assisted Object Detection by Segment Based Similarity 
Measures in Mobile Laser Scanner Data. ISPRS - International Archives of the 
Photogrammetry, Remote Sensing and Spatial Information Sciences, 239–246. 

Potenziani, M., Callieri, M., Dellepiane, M., Corsini, M., Ponchio, F., Scopigno, R., 2015. 3DHOP: 3D 
Heritage Online Presenter.Computers and Graphics 52: 129–141. Available at: 
http://www.sciencedirect.com/science/article/pii/S0097849315001041 .  

Richter, R., Behrens, M., Döllner, J., 2013. Object Class Segmentation of Massive 3D Point Clouds of 
Urban Areas Using Point Cloud Topology.International Journal of Remote Sensing 34 (23): 
8408–8424. doi:10.1080/01431161.2013.838710. 

Richter, R., Discher, S., Döllner, J., 2015. Out-of-Core Visualization of Classified 3D Point Clouds. In: 
Breunig, M., Al-Doori, M., Butwilowski, E., Kuper, P.V., Benner, J., Haefele, K.H. (Eds.), 3D 
Geoinformation Science, Lecture Notes in Geoinformation and Cartography. Springer 
International Publishing, 227–242. doi:10.1007/978-3-319-12181-9_14. 



123 

 

Richter, R., Döllner, J., 2010. Out-of-core Real-time Visualization of Massive 3D Point Clouds.In 
Proceedings of the 7th International Conference on Computer Graphics, Virtual Reality, 
Visualisation and Interaction in Africa, Franschhoek, South Africa. AFRIGRAPH 10. New York, 
NY: ACM, 121–128. doi:10.1145/1811158.1811178. 

Schütz, M., Wimmer, M., 2015. Rendering Large Point Clouds in Web Browsers. In: Wimmer, M., 
Hladuvka, J., Ilcik, M., (Eds.), Proceedings of CESCG 2015: The 19th Central European Seminar 
on Computer Graphics,. Smolenice, Slovakia. CESCG 2015, 83–90. Vienna: Vienna University of 
Technology. Institute of Computer Graphics and Algorithms. Availabel at: 
http://www.cescg.org/CESCG-2015/proceedings/CESCG-2015.pdf . 

Segal, A., Haehnel, D., Thrun, S., 2009. Generalized-ICP. In: Trinkle, J., Matsuoka, Y., Castellanos, J.A, 
(Eds.), Proceedings of Robotics: Science and Systems, Seattle: Stanford University, 161–168. 
doi:10.15607/RSS.2009.V.021. 

Snavely, N., Seitz, S.M., Szeliski, R., 2006. Photo Tourism: Exploring Photo Collections in 3D.ACM 
Trans. Graph. 25 (3), 835–846. doi:10.1145/1141911.1141964. 

Stoter, J.E., Vosselman, G., Goos, J., Zlatanova, S., Verbree, E., Klooster, R., Reuvers, M., 2011. 
Towards a National 3D Spatial Data Infrastructure: Case of the Netherlands.Organ der 
Deutschen Gesellschaft für Photogrammetrie und Fernerkundung 2011 (6): 405–420. 
doi:10.1127/1432-8364/2011/0094. 

Van Meersbergen, M., Verhoeven, S., Bos, P., Van der Zwaan, J., Kuzak, M., Van Werkhoven, B., Kulik, 
L., 2016. PattyVis, 1.0.1.doi:10.5281/zenodo.45923. 

Van Oosterom, P., Martinez-Rubi, O., Ivanova, M., Horhammer, M., Geringer, D., Ravada, S., Tijssen, 
T., Kodde, M., Gonçalves, R., 2015a. Massive Point Cloud Data Management: Design, 
Implementation and Execution of a Point Cloud Benchmark.Computers and Graphics 49: 92–
125. Available at: http://www.sciencedirect.com/science/article/pii/S0097849315000084 . 

Van Oosterom, P., Martinez-Rubi, O., Tijssen, T., Gonçalves, R., 2015b. Realistic Benchmarks for Point 
Cloud Data Management Systems.In Proceedings of the 3D GeoInfo 2015 Conference, Kuala 
Lumpur, Malaysia. doi:10.13140/RG.2.1.2255.7204. 

Von Schwerin, J., Richards-Rissetto, H., Remondino, F., Agugiaro, G., Girardi, G., 2013. The 
MayaArch3D Project: A 3D WebGIS for Analyzing Ancient Architecture and 
Landscapes.Literary and Linguistic Computing 28 (4): 736–753. 
http://llc.oxfordjournals.org/content/28/4/736.abstract . 

Wimmer, M., Scheiblauer, C., 2006. Instant Points: Fast Rendering of Unprocessed Point Clouds.In 
Proceedings of the 3rd Eurographics/IEEE VGTC Conference on Point-Based Graphics, 129–
137. Boston, MA. SPBG06. Aire-la-Ville, Switzerland: Eurographics Association. 
doi:10.2312/SPBG/SPBG06/129-136. 

Xiao, Y., Wang, C., Li, J., Zhang, W., Xi, X., Wang, C., Dong, P., 2015. Building Segmentation and 
Modeling from Airborne LiDAR Data.International Journal of Digital Earth 8 (9): 694–709. 
doi:10.1080/17538947.2014.914252. 

Yang, B., Xu, W., Yao, W., 2014. Extracting Buildings from Airborne Laser Scanning Point Clouds Using 
a Marked Point Process.GIScience & Remote Sensing 51 (5): 555–574. 
doi:10.1080/15481603.2014.950117. 

Zhang, L., Han, C., Zhang, L., Zhang, X., Li, J., 2014. Web-Based Visualization of Large 3D Urban 
Building Models.International Journal of Digital Earth 7 (1), 53–67. 
doi:10.1080/17538947.2012.667159. 

 
  



   


