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Abstract
This study presents a web-based application developed for the efficient management of large 3D city models (3DCMs) which
are challenging in terms of browsers’ memory limits and network traffic management. The application offers functionalities
such as 3D tiling, web-based visualization, 3DCM generation from 2D data, and 3D spatial analysis. It complies with
international standards andutilizes open-source software components. The application includes a3D tiling tool that implements
the OGC 3D Tiles Standard, allowing users to partition their 3DCMs into optimized tiles for storage, transmission, and
rendering. A web-based procedural modeling tool enables users to generate 3DCMs from 2D building footprint data without
the need for complex modeling languages. A 3D spatial analysis component empowers users to perform comprehensive
spatial analyses within the web-based environment. Leveraging modern web technologies facilitates precise and efficient
spatial computations. To provide standardized visualization, the application features a viewer and client application built
using HTML5 andWebGL technologies. This viewer adheres closely to the 3D Tiles Standard, enabling immersive navigation
and interaction with 3DCMs. By combining these components, this web-based application handles the management of large
3DCMs, offering enhanced visualization, analysis, and model generation capabilities. It represents a milestone in web-based
3D city model management, prioritizing international standards and open-source principles.

Keywords 3D visualization · 3D modelling · Web GIS · Geospatial · City model · Open standards

Introduction

The 3-DimensionalCityModel (3DCM) is a digital represen-
tation of buildings andother urbanobjects,with their attribute
information and 3D geometries. The 3DCM iswidely used in
many fields such as urban infrastructure management, navi-
gation, simulation, planning, emergency management, urban
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planning, tourism, and property valuation, through various
spatial analysis tools such as silhouette analysis, determi-
nation of the solar energy potential of building roofs and
facades, and modeling of noise distribution in the city. For a
more detailed literature review on the usage areas of 3DCM,
one can refer to Biljecki et al. (2015).

On the other hand, with the Service-Oriented Archi-
tecture and Web Services paradigm that started in the
2000s, browser-based applications have become increasingly
widespread. Thanks to advancements in browser architec-
tures and the increasing number of software libraries such
as OpenLayers (2023), Leaflet (2023), Turf (2023), and
developments in the "WebFramework" area,web-basedGeo-
graphic Information System (GIS) applications have started
to replace desktop applications. The display of 3DCMs in
browsers and enabling user interaction has also become an
interesting topic in this context (Rodrigues et al. 2013, Prandi
et al. 2015).

With the use of HTML5 and WebGL (Low-Level 3d
Graphics Api 2023) together, unlike applications before
these technologies, many web-based applications have been
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developed that are platform and browser independent and do
not require any plugin installation on the client side. In a
similar vein, visualizing 3DCMs over the web has become
an essential topic in the field of web-based GIS. Addition-
ally, many virtual globe applications have been developed
(Chaturvedi 2014). Some of these include Cesium (Analyt-
ical Graphics Inc 2015), (Klokan Technologies 2011), and
Christen and Nebiker (2011).

Web-based 3D GIS is a relatively new field and has only
been studied in a limited number of studies in the literature,
requiring further research on various issues. For example,
there are very few studies in the literature on 3D spatial
analysis (3DSA) in theweb-based 3DGIS context. The capa-
bilities of related software for 3DSA are also quite limited.
One reason for this is that research and related software in the
literature have generally focused on 3D visualization. On the
other hand, in the vast majority of 3DSA implementations,
the analysis and visualization functions have only been exe-
cuted on the visualization side as web-based.

When dealing with large-scale geospatial 3D data such
as 3DCMs in web environments, a significant challenge
is also the need to work with smaller data chunks due to
memory and traffic limitations imposed by browsers and
networking protocols. As a result, algorithms must be able
to identify and manage affected chunks during visualiza-
tion or analysis. Working with smaller chunks, or “tiles,"
presents several management difficulties, such as maintain-
ing object integrity across tile borders and updating tile
contents when data changes occur. If 3DSA and queries are
in question, a key consideration is whether they are carried
out in an "online" or "offline" mode. In the offline mode,
the analyses are performed on desktop 3D software and the
results are transmitted to the client for visualization. This
is the typical approach used by so-called "3D web GIS"
implementations. However, this approach can be cumber-
some when users want to modify analysis parameters, as
they need to re-perform the analysis on their desktop and
repeat subsequent steps. Furthermore, users must work with
two different software applications. This is not in line with
the “true" web-based operational mode, where all user inter-
actions take place within a single web-based software. By
contrast, performing analyses using the sameweb-based soft-
ware in an online mode allows for a more seamless user
experience. To achieve this, mechanisms for organizing and
tiling data must be implemented, as demonstrated in this
study.

The major issue involves choosing between a multiscale
or multi-representational approach while managing varying
levels of detail. In themultiscalemode, data is typically orga-
nized into different tilesets for each level of detail. In contrast,
the multi-representation approach can handle different lev-
els of detail within a single tileset. Each approach has its
own advantages and disadvantages, which will be explored

in greater detail later in this study. However, it is worth not-
ing that a comprehensive discussion of this topic is currently
lacking in the literature. When it comes to creating 3D city
models, another key challenge is the shortage of open-source
components. As far as we are aware, there is only one open-
source tool available fromDelft University. Other commonly
used tools, such as the CGA (Computer Generated Archi-
tecture) component of ESRI CityEngine, are currently not
web-based and are commercial products. In this study, aweb-
based component has been developed in the form of a REST
web service to address this issue.

The interoperability is also a bottleneck and its problem
refers to the neglecting of this issue in most of the related
work. The way of developing interoperable applications is
to employ standards. One problem here is the immaturity of
the 3D geospatial data standards. The immaturity is due to
either their definition or the limited number of implementa-
tions. Interoperability is an area that spatial datamanagement
communities have been working on for a long time. While it
has been largely successful in 2D spatial data management,
there are issues on the 3D side of the subject. Proprietary
solutions developed over time havemade interoperability dif-
ficult. Therefore, instead of producing proprietary solutions
in this study, international standards were used, and for this
purpose, OGC’s 3D Tiles standard (OGC 3D Tiles Spesifi-
cation 2018) was used. The implementation of the standard
in this study is one of the limited number of implementations
worldwide. The experience gained and the findings obtained
in the implementation of this standard, which is quite new
and whose standardization process was completed in 2018,
are of great importance in terms of thematurity process of the
standard. The relevant findings of this study, which will be
mentioned in Section “Findings and Discussion”, are valu-
able in this regard.

In this study, the necessary algorithms for a series of 3DSA
operations were developed. The web-based implementation
of 3DSA operations is not only required in various other
applications but also specifically needed in the background
of 3D collaborative, interoperable software. The use of such
software in various fields, such as Building Information
Modeling (BIM), has the potential to be utilized including
building inspections.

Consequently, this study aims to develop a web-based
application to manage 3DCMs. The management of 3DCMs
refers to the creation, analysis and visualization of the
3DCMs. In this context, one of the objectives is to develop
a tiling component for displaying 3DCMs on browsers.
Another objective is to develop a web-based 3D procedu-
ral modeling component. Hence, users can produce 3DCMs
from 2D data without any software installation. Another
important objective is to develop a 3DSA component by
designing and implementing a 3D intersect algorithm to
be able to carry out spatial analyses online. Entire com-
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ponents were developed considering relevant standards to
ensure interoperability.

The rest of the paper is organized as follows. In Sec-
tion “Related work”, the related studies are discussed and
differences of ours from them are put forward. In Section
“Methodology”, the development pipeline of the applica-
tion is described. In Section “Experimental Results”, the
user interface of the application and runtime metrics of the
3DSA component are represented. In Section “Findings and
Discussion”, encountered issues or limitations during the
development of the application are discussed. Finally, Sec-
tion “Conclusion” concludes the study and states the planned
future work.

Related work

In this section, we have briefly reviewed the current state of
the 3DCM context in three parts which are the three main
contributions of this study. The first part discusses the state
of the tiling and visualization studies. The second part dis-
cusses procedural modelling studies and the last one gives
information about web-based 3DSA studies.

Throughout this brief review, we discussed the develop-
ment of 3DCMs and the challenges associated with creating
a comprehensive and flexible platform for visualizing and
analyzing thesemodels.We inspected various tools and tech-
nologies used in the field, such as 3D Tiles and Cesium.js,
and the limitations and opportunities they present. The goal
of this review was to provide insights into the current state
of 3D urban modelling and to highlight areas where further
research and innovation are needed to fully realize the poten-
tial of this field. The review also highlights that there is no
other software or tool that can provide procedural modeling,
density-aware tiling, tile size-aware rendering and 3D spatial
analyses together.

Tiling and visualization

The first studies in the field of web-based 3D applications
were conducted before the development of HTML5 and
WebGL technologies, so naturally, these technologies were
not utilized. The software components used in these stud-
ies, such as Flash, Silverlight, and Java3D, require platform
dependency and additional software component installation
on the client. Examples of these studies include (GeoPortail
2023), (3D Macau 2023), and Open3DGIS (2023). While
GeoPortail and 3D Macau require the installation of Terra
Explorer software as a 3D viewer, O3DG requires the instal-
lation of a browser plug-in.

With the development of Internet technologies such as
HTML5 and WebGL, browser-independent 3D WebGIS
applications have begun to be developed. Initially, many vir-
tual globe applications were developed (Chaturvedi 2014),

(Analytical Graphics Inc 2015), (Klokan Technologies
2011), andChristen andNebiker (2011). In addition to virtual
globes, many studies have been conducted for the visualiza-
tion of 3DCMs over the web. 3DCMs have been displayed in
browsers without any plug-ins using (X3DOM 2023) and
Rodrigues et al. (2013). In another study, the Java-based
NASA World Wind virtual globe has been extended to dis-
play (Prandi et al. 2013), which requires the installation of
NASA World Wind on the user’s computer.

In the study conducted by Mao and Ban (2011), 3D urban
models, including buildings and streets, were transformed
into Java classes and visualized using X3DOM. Prieto et al.
(2012) expanded on thiswork by using 3Dweb services, such
as W3DS, instead of Java classes to visualize the 3D urban
models in a browser. However, these studies used small-sized
data and did not provide a tiling solution.

Gesquiere and ve Manin (2012) developed a server-client
architecture to display CityGML data in a browser. In their
work, the 3D urban models in the CityGML format were
divided into regular tiles Fig.1. The tiles were requested from
the server and displayed depending on the camera param-
eters. The biggest disadvantage of this application is the
regular tiling. Objects in 3D urban models are distributed
heterogeneously, and as a result of regular tiling, some tiles
have many more objects than others. Therefore, the sizes of
the tiles are different from each other, and the application
cannot control the data size of the tiles. In addition, objects
can intersectwithmultiple tiles,whichmakes objectmanage-
ment difficult and compromises object integrity. The study
did not provide any solution to this issue.

Prandi et al. (2013) developed several smart city ser-
vices requiring tiling. In this study, regular tiling was also
performed and had the same deficiencies as Gesquiere and
ve Manin (2012). Chaturvedi et al. (2015) developed a
web client for the 3DCityDB software component, allow-
ing CityGML data to be viewed in a browser. In this study,
regular tiling was also performed. Koukofikis et al. (2018)
achieved tiling using hierarchical data structures. They used
3D Tiles and 3D Portrayal Service standards in their work. In
this study, tiling was performed using commercial software
such as Cesium ion and FME. In such a workflow, these soft-
ware programs that do not work integrated require many user
interventions and do not work as web-based. The user works
in multiple environments. Besides, FME takes only object
count into account for the tiling process.

Gaillard et al. (2020) developed a method that supports
multiscale resolution for visualizing 3D city models using
the 3D Tiles standard. In this study, the partitioning process
was performed hierarchically using road network data, where
buildings adjacent to main roads were placed in upper tiles,
while buildings adjacent to side roads were placed in lower
tiles. With this type of partitioning, the partitions were not
based on data density, resulting in partitions with heteroge-
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Fig. 1 Regular tiling, tile
borders and buildings Gesquiere
and ve Manin (2012)

neous data sizes. Additionally, the maximum data density of
the partitions cannot be controlled. Lu et al. (2021) developed
a web-based real-time visualization of large-scale meteoro-
logical data in their study. For this purpose, the point cloud
data was partitioned according to the 3D Tiles standard using
the Octree data structure. This study only involves the par-
titioning of point cloud data and does not cover 3D city
models.

Xu et al. (2020) developed a method for partitioning BIM
models using the 3D Tiles standard. This study partitioned
BIM models and did not include 3D city models. Addition-
ally, an automated workflow could not be provided in the
study, and different software components, such as IFC Shell,
were used for different processing steps, and the solutionwas
not web-based. Jaillot (2020) expanded the 3D Tiles stan-
dard to enable the visualization of temporal changes, such as
buildings that have been demolished or newly constructed,
in a 3D city model displayed in a web browser. They used the
py3dtiles open-source Python library for the tiling process in
this study (py3dtiles 2023). One limitation of this library for
their developed component is that it partitions based on the
number of objects, without taking into account the varying
data dimensions of the objects. Additionally, py3dtiles is not
a web-based component, as the focus of this study was on
representing temporal changes rather than data management.
This study is much narrower in scope than what is intended
to be accomplished.

When examining relevant software components outside
of academic studies, it can also be seen that there are a
limited number of implementations available. One of these
is obj23dtiles (2023), an open-source Node.js module. Its
biggest shortcoming is that it does not perform partitioning,
only converting an entire city model in obj. format to a single
b3dm file, which is the data format of 3D Tiles. This is only
one of the many components implemented in this study, and
even at the component level, it has its own drawbacks.

The open-source Node.js module (CityGML23DTiles
2023) is another tool that converts CityGML format data
to a single b3dm file without any partitioning. This is again a
very small component among the tools implemented in this
study.

In this regard, the most advanced open-source component
is "py3dtiles". Py3dtiles divides CityGML data hierarchi-
cally according to the 3DTiles standard. Its biggest drawback
is that it is not aweb-based component. In addition, an impor-
tant shortcoming is that it determines the highest data volume
limit in terms of the number of objects in the tiling. As
explained in the relevant section below, in the tiling software
developed in this study, the data volumes of the geometries
that make up the objects are taken as the basis, thus avoiding
the mistake of treating a very high-volume building and a
building with the opposite case as equivalent objects. On the
other hand, like the other software components mentioned
above, this component is only one of the components devel-
oped in this study.

A study conducted by TU Delft used the building and
address dataset (BAG) (3D BAG 2023) of the Netherlands
to produce a nationwide 3DCM, which is presented as open
data on the 3D BAG platform (URL-12) using the 3D Tiles
standard. The platform serves as a 3D viewer and allows
users to view the downloaded data, but it does not perform
any tiling, and users cannot tile their own data; they can only
view the 3D BAG dataset. As such, this study’s contribu-
tion is a very small subset of the functions developed in the
project’s work packages. In another study conducted by TU
Delft, a browser-based viewer for the CityJSON 3D building
model format has been developed (Vitalis et al. 2020). This
application does not perform any tiling but only allows the
imported dataset to be viewed in a web-based interface.

Procedural modeling

The procedural modelling (PM) approach is used to generate
3DCMs in this component (Tsiliakou et al. 2014), (Marti-
novic and Van Gool 2015). PM is an umbrella term which
includes many modelling techniques such as L-Systems,
fractals and shape grammars. All of these techniques aim
to create multiple instance models by utilizing a set of pre-
defined rules and algorithms. The batch modelling approach
of PMwhich minimizes user interaction and labour, fits very
well into GIS applications which deal with the management
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of big data. The technique of the extrusion from 2D foot-
prints, which is a widely used method (Ledoux and Meijers
2011), (ArroyoOhori et al. 2015), is adopted tomodel 3DCM
procedurally in our PM component.

In the literature, Esri CityEngine and RANDOM3DCITY
(Biljecki et al. 2016) are notable examples of procedural
modelling software. Esri CityEngine is a widely recognized
software tool used for the generation of 3D urban envi-
ronments. It allows users to create detailed 3D models of
cities and urban landscapes using procedural modeling tech-
niques. CityEngine performs rule-based modelling using the
CGA (Computer Generated Architecture) language. On the
other hand, RANDOM3DCITY is an open-source proce-
dural modeling software component developed to fulfil the
need for 3D city models at different levels of detail. As the
name implies, it generates random, or in other words, syn-
thetic data. The developed software component in this study,
unlike CityEngine and RANDOM3DCITY, can work in a
web-based environment and generate real-world data sets.

This component has other advantages aswell. One of them
is that the user doesn’t have to learn a new language like
CGA and can perform modeling entirely through an interac-
tive interface. On the other hand, the modelling capabilities
are not limited to the CGA language and the commercial
software component provided by Esri CityEngine. In con-
trast, the component in this study is open source, allowing
for capability extensions to be made without being depen-
dent on a commercial company. Below is an example of a
simple extrusion operation in the CGA language. Based on
this, the user needs to understand the syntax of this scripting
language, express 2D objects using the "Lot" keyword, and
know and correctly express the direction and magnitude of
the extrusion process.

“Lot → extrude(world.z, 10)”

Web-based 3D spatial analyses

Many existing works entitled 3D WebGIS were about the
visualization of the 3D analysis on a client application,
rather than performing 3D analysis itself online. The com-
mon point of the aforementioned works in this paragraph is
that although they are named3DWebGIS theydonot perform
3D spatial analysis online. Van Ackere et al. (2016) visual-
ized the results of a flood analysis in 3D. In another work
entitled 3DWebGIS (Feng et al. 2011) visualized terrains in
3D. Similarly, (Chen et al. 2016) developed a framework for
2D and 3D visualization of geospatial data to manage land-
slide hazards. Xiaoqing et al. (2010) visualized the results of
the shortest path analysis in 3D by integrating ArcGIS and
Skyline software. Li et al. (2015) visualized earthquakes on
a globe in 3D. Von Schwerin (2013) developed a VR appli-
cation in which you can interact with 3D models. With this

tool, users can search and query, in real-time via a virtual
reality (VR) environment, segmented 3D models of multiple
resolutions that are linked to attribute data stored in a spatial
database but cannot perform 3D spatial analysis. Pispidikis
andDimopoulou (2016) developed aweb-based tool to query
and visualize CityGML data. Although they mentioned 3D
spatial analysis in their article, which spatial analysis can
be performed is not explained and also, results of the work
do not show 3D spatial analysis. They mostly focused on
querying the CityGML data and visualizing queried results.

The most similar works to our proposed methodology are
Chaturvedi (2014) and Auer and Zipf (2018). Chaturvedi
(2014) developed a web-based tool to perform 3D buffer
and 3D intersect analyses. The drawbacks of this work are
that analyses are performed on the client using not on the
server. Hence, when the analyzed 3D geospatial data exceeds
the memory of the browser, the application does not work.
Application is highly dependent on the size of the input data.
Another limitation is that, in 3D intersection analysis, the
application cannot calculate intersection points for partially
intersected objects. As can be seen from the images of the
results, partially intersected buildings are considered to be
completely inside the intersected object, in that case, the
sphere. In their work, Auer and Zipf (2018) developed a 3D
WebGIS application that performs 3D line-of-sight analysis
on the browser. The limitation is that analysis is performed
on the client as in Chaturvedi, hence application is highly
dependent on the size of the input data.

Methodology

We have divided the methodology explanation into three
parts which explain the three main components of the appli-
cation. The first component is the tiling component that
manages the decomposition of the 3DCM for streaming and
visualization.Theproceduralmodeling component generates
3DCMs from 2D building footprints provided by the user.
The last component executes 3D spatial analyses on client
requests and calculates the result volumes of these analyses
to visualize.

Tiling component and web-based 3d display

Since a 3DCM is huge in size for streaming and visualization
directly in browsers, the data is decomposed into multiple
tiles. As needed, relevant tiles are sent over the network and
processed by clients. Streaming and displaying only themost
relevant data decreases the amount of the data transmitted and
improves performance notably.
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Table 1 System Specifications of the Test Machine

CPU Intel i5 1.8Mhz Turbo Boost CPU

RAM 4GB DDR3 RAM

GPU Intel HD Graphics 4000 GPU

Decomposition of 3DCM

One of the requirements for tiling is choosing the decom-
position method. The most basic method is to decompose
regular fixed-sized rectangular tiles. This method does not
represent data density in a heterogeneous distributed 3DCM
case which creates heterogenous-sized tiles. Therefore, hier-
archical tiling methods, such as R-Tree (Guttman 1984) or
Quadtree (Samet 1984), could bemore appropriate to decom-
pose heterogenous 3DCM data. Because the decomposition
is done according to a data density threshold, a tile size,which
generates tiles in homogenous sizes.

Tile size determines the amount of the data to be trans-
mitted from server to client for a tile and directly affects the
render quality. A client should be able to render and display
the contents of a tile without any latency and without degrad-
ing the rendering performance. Rendering performance is
measured as frame per second (fps) which is the number
of rendered images per second. In the game industry and
computer graphics, 60 fps is accepted as a “good” rendering
performance and 60 fps value is selected as the minimum
acceptable rendering performance while determining the tile
size in this study. Since rendering is done on the client, ren-
dering performance highly depends on the client’s hardware.
In order to establish a balance between rendering perfor-
mance and the tile size, data threshold tests are performed
using a computer that has a low-end GPU (Graphical Pro-
cessing Unit). The reason for choosing a computer with a
low-end GPU is to guarantee 60fps even with such comput-
ers. Table 1 shows the specs of the test machine. 180 KBs
is determined as the maximum tile size which is compliant
with 60 fps according to empirical tests. The R-Tree data
structure is used to decompose 3DCM into tiles regarding
the pre-determined tile size threshold.

During the creation of the R-Tree, the bounding boxes
of the tree nodes are updated with the bounding box of the
features that were added to these nodes. Since the bounding
boxes of the nodes can overlap each other, object integrity is
preserved (Fig.2).

Implementation of the 3D Tiles Specification

3DTiles is anOGCstandard developed for efficiently stream-
ing and displaying extensive 3D geospatial data. It introduces
a hierarchical data structure and a range of tile formats that
enable the delivery of visualizable content. Notably, 3D Tiles
does not impose strict guidelines for how the data should be
visualized as long as the tileset is a hierarchical tree, allow-
ing clients to interpret and display the 3D Tiles data in their
preferred manner (OGC 3D Tiles Spesification 2018).

In 3D Tiles, hierarchical information and metadata about
tiles are encoded to a JSON file called “tileset.json”. Thus,
the tileset.json file is consumed by the client at runtime and
the hierarchy is derived for the visualization pipeline of the
application. Figure 3 shows the UML class diagram for a
tileset in 3D Tiles.

For each tile, the data of the tile has been written into
a single b3dm file which is a 3D format of the 3D Tiles
standard based on glTF. By batching multiple 3D models
into a single file multiple 3D models can be transmitted with
a single request and in the visualization pipeline, they can be
rendered with the least number of WebGL draw calls.

WebGL uses points, lines and triangles as geometric prim-
itives to render objects. Thus, 3D polygonal surfaces of the
objects in 3D geospatial data must be triangulated to display
them via WebGL. For this purpose, a 3D polygon trian-
gulation algorithm Ear-Clipping is implemented using the
earcut4j open-source Java library Fig.4.

Most of the 3D geospatial dataset is not aligned to a digital
terrainmodel (DTM) or has pre-calculated heights according
to a different DTM. In such situations height differences may
occur between 3D city models and DTMs hence, the heights
of the city objects must be aligned according to the DTM. To
clamp buildings to the terrain, first, building footprints inter-
sected with DTM then, an offset along the z-axis is applied

Fig. 2 Tile borders overlap and
features are always completely
inside of a node
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Fig. 3 UML Class Diagram for A Tileset in 3D Tiles

until the min z value of the building footprint matches the
min z value of the intersected pixels. Thus, buildings have
been clamped to the terrain during the tiling Fig.5.

To ensure a sufficiently detailed rendering of a tile, the
“geometric error” value for each tile is used. For a tile, the
geometric error is used to determine whether the children
of the tile should be rendered. At runtime client rendering
engines calculate space screen error (SSE) using the geomet-
ric error value of the tile according to the following formula
(1). If the SSE exceeds a pre-defined threshold value, chil-
dren of the tile are rendered; hence, geometry is refined with
a higher level of detail.

There is no formula for the calculation of the geomet-
ric error value in 3D Tiles specification, hence, a formula
has been produced and tested with our datasets. Root tile
that has the most simplified geometry, should have the maxi-
mum geometric error value, then this value should gradually
decrease in each level of the hierarchy and should be zero

at leaf tiles that have the highest level of detail. According
to this logic, the following formula has been developed to
calculate the geometric error value of the tiles. For a given
tile Ti, the geometric error of Ti,

Gi = G(i − 1) − G

L

Gi stands for the geometric error of a tile, G stands for
geometric error of the root tile and L stands for the level of
the tile. Based on the Gi value, at runtime SSE value, can be
calculated as following formula (2).

SSE = Gi ∗ screenHeight

tileDistance ∗ 2 ∗ tan( f ovy
2

)

“screenHeight” stands for the height of the screen in pix-
els, “tileDistance” stands for the distance of the tile from

Fig. 4 3D polygon surfaces
(left), triangulated polygons
(right)
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Fig. 5 Buildings over the terrain (top), buildings clamped to the terrain
(bottom)

eye point, “fovy” is the vertical fov angle of the viewing
frustum in radians. The relationship between geometric error
and space screen error is shown in Fig.6.

Developing RESTful web services for tiling component

The tiling component has been implemented through REST-
ful web services. Client and server communicate with each
other through web services developed by using the Java Jer-
sey rest framework. The overview of the component can be
seen in Fig. 7. Deployment of the component is done using
Amazon Lambda Serverless. Serverless stands for not need-
ing your own servers to execute the application on a server
and Amazon Lambda is a serverless platform provided by
Amazon Web Services (AWS). End users can upload 3D
geospatial data in the CityGML format to the server. In the
server, the uploaded file is stored in an Amazon S3 bucket.
S3 stands for simple storage service and the bucket is a data

container for uploaded objects in Amazon S3. Amazon
lambda functions have been used to process the uploaded file
in theS3bucket.Using the citygml4j open-source java library
CityGML file is parsed and using the earcut4j open-source
java library 3D polygons of the city objects are triangu-
lated. Then, using our 3D tilers based on R-Tree, the 3D
tileset is generated in accordance with the OGC 3D Tiles
standard. Then, the end user can download the 3D tileset
to its local machine or display the generated tileset using the
client of the application. For developing the client, Cesium.js,
HTML5, WebGL and Prime Faces technologies have been
used. Cesium.js has been used to render 3D tilesets and Prime
Faces which is an open-source Java server pages library has
been used to develop the user interface of the client.

Procedural Modelling Component

Asmentioned inSection “ProceduralModeling”, the 3DCMs
are generated procedurally by extrusion of the 2D build-
ing footprint through the surface normals using the PM
component. For extrusion, surface normals of the building
footprints need to be calculated because these normals give
the extrusion direction. The normal vector is a unit vector
perpendicular to the surface. The surface normal vector (N)
is calculated as the cross-product of the vectors of

|P2 − P1|

and

|P3 − P2|.

After the calculation of surface normals for each build-
ing footprint, using the “height” attribute of the building
footprints in metric units, building footprints are translated
along surface normals and top surfaces are constructed. By

Fig. 6 The relationship between
geometric error and space screen
error 3D Tiles Overview (2023)
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Fig. 7 The overview of the
tiling component

indexing the top and footprint points, vertical surfaces are
constructed and the LOD1 block model is derived Fig. 8.

If condominium unit plans (CUPs), which are demon-
strating 2D borders of the condominiums, are provided, our
modeller can also model condominium units as well at the
city scale. For this purpose, each condominium is translated
along the surface normal according to the height of the con-
dominium in CUP. Then translated polygons are extruded
and condominiums are modelled procedurally Fig. 9.

Geometries of the condominium units are stored as CityJ-
SON files in our component. Since condominium units are
not defined in theCityGMLdatamodel, anADE is developed
for storing condominium units. Geometries of the condo-
minium units are stored as CityJSON files in our component.
Since condominium units are not defined in the CityGML
data model, an ADE is developed for storing condominium
units. To create UML diagrams and generate relevant XSD
definitions and files of the ADE, Enterprise Architect soft-
ware has been used.

The overview of the PM component is demonstrated in
Fig. 10. If the client sends 2D building footprint data with a
modelling request to the server, the PM component produces
a 3DCM and sends it to the tiling component for visualization.

3D spatial analysis component

3DSAcomponent consists of three different types of analyses
which are 3D Intersect, 3D Clip, and 3D Difference. These
3D GIS analyses are referred as ‘3D Boolean Operations’
in the computer graphics domain. All three types of analyses
are based on a 3D intersection algorithm implemented in this
study.

The 3D intersection algorithm consists of two parts. The
first part is to detect whether there is an intersection between
two 3D objects and the second part is to construct the inter-
sected section as a 3D polygonal mesh. To determine the
collision between objects, a sweep plane scans the vertices

Fig. 8 2D building footprints
(left) 3D block model (right)
Usta et al. (2023)
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Fig. 9 Polygons (left) extruded
and condominium units in 3D
(right) Usta et al. (2023)

of the object in question along perpendicular three main axes
which are x, y, and z. During the sweeping process, if the
plane encounters a vertex belonging to another object in all
3 of the 3 axes scannings, this means there is a possible 3D
intersection to calculate Fig. 11. The sweeping process needs
to be executed for 3 axes because an encounter for only one
or two axes does not prove a 3D intersection. The require-
ment for 3 axes sweeping can be more understandable by
considering a bridge directly over a building. The sweeping
process can encounter a building vertex while scanning the
vertices of the bridge along the x or y axis. However, along
the z axis, the vertices of two structures are linearly separa-
ble and there will not be any encounter. This part of the 3D
intersection algorithm is a necessity for the acceleration of
the algorithm without traversing the entire dataset.

The Cork open-source library was selected for generating
the volumes of the detected intersections. Cork offers a robust
3D intersection functionality that effectively handles numer-
ical errors resulting from floating point arithmetic, all within
a user-friendly interface. This reliability is achieved through
the use of a fixed-precision approach (Cork Boolean Library
2023). Cork utilizes the Nef polyhedra representation (Bieri
1995). The fundamental concept behind using Nef polyhedra

for Boolean operations is to represent each object as a Nef
polyhedron,which stores neighbourhood information around
each vertex. The Nef polyhedron data structure consists of
faces and half-edges that connect these faces. A key feature
of the Nef polyhedron is its ability to represent both the inte-
rior and exterior of the object it represents.When performing
a Boolean operation on two Nef polyhedra, their faces and
half-edges are combined to create a new Nef polyhedron.
This process involves identifying the intersection points of
the half-edges and faces of the two polyhedra and generat-
ing new half-edges and faces. The resulting Nef polyhedron
accurately represents theBoolean operation performedon the
original objects. Theother types of booleanoperations,which
are the 3D difference and 3D clip, are based on the calcula-
tion of the intersection, asmentioned above.A demonstration
of these three operations, or 3D spatial analyses, is given in
Fig. 12. The overview of the 3DSA component of the appli-
cation can be found in Fig. 13. The clip operation occurs the
same as the intersect geometrically, but the attributes of the
outputs only come from object A in the relevant figure. In
the intersection operation, the output includes the attributes
of both objects.

Fig. 10 The overview of the PM
component
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Fig. 11 Sweep Plane and collision detection

The overview of the 3DSA component is demonstrated in
Fig. 11. The city models to check 3D intersection or differ-
ence are sent to the server as CityGML files with a POST
request. First, the models are decomposed from the request
to collision detection. After the detection of possible inter-
sections, intersections are calculated using Cork library. The
resulting volumes are tiled using the Tiling component then
these volumes are taken back after the 3DSA execution as
tileset, “tileset.json” file, via a GET request.

Experimental results

As a result of the mentioned efforts, a novel web-based
software application, which implements the OGC 3D Tiles
standard, and provides the modelling of 3DCMs proce-
durally and 3DSA, is developed. The final application is
deployed on AWS and can be accessed through a web
interface at http://3dviewer-118y452.s3-website-us-east-1.
amazonaws.com/ (Fig. 14). Through the interface, the user
can convert 2Dbuilding data in .shp format into a 3Dbuilding
model and generate a 3D Tileset dataset on the globe Fig. 15.
The 3DSA functionality will be also added to the interface
after planned optimizations for the web.

To observe the runtimemetrics of the PM, the 2D building
footprints were partitioned into sequential chunks that con-
tain 200, 400, 600, 800, 1000, 1200, and 1370 buildings then
the PM process was executed for each chunk. The observed
runtime can be seen in Table 2. As be seen, the runtimes for
each chunk increase approximately linearly because the PM
process can not be performed in an optimized way using, for
example, a data structure such as Quadtree or R-Tree. This
situation occurs due to the modelling process that must be
done for all 2D shapes.

To observe the runtime metrics of the 3DSA, the 3D inter-
section operation was executed with a test dataset containing
1370 buildings and 21696 vertices. The 3D intersection oper-
ation requires two input models: the query model and the
search model. Both models were generated procedurally
using our component. The query model was extruded by 3
meters, while the search model was extruded by 5 meters.
This implies that there will be at least one intersection to

Fig. 12 The demonstration of 3D spatial analyses which are intersection and difference
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Fig. 13 The overview of the
3DSA component

detect at each query location, representing the worst-case
scenario. To observe the runtime performance, the dataset
was partitioned into sequential chunks, each containing a
specific number of buildings: 200, 400, 600, 800, 1000,
1200, and 1370 buildings. The 3D intersection operation
was then executed for each chunk individually. The met-
rics can be seen in Table 3. These metrics will be used for
server-side scaling and to configure the hardware of the cloud
server.

Findings and discussion

The findings gained during the development stage of the
application are discussed according to the components in
this section. Within the frame of the tiling and visualization
component, the authors encountered three notable questions.
The first one is the decision on the tiling scheme which can
be layer-based or object-based. After generating the tileset,
we conducted tests on the render performance during the

Fig. 14 The application interface with 3D Tiles Generation Menu and the virtual globe
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Fig. 15 The generated 3DCM on the interface with attributions

tile display. It was observed that when zooming or rotating,
the render performance dropped below 60 fps. This decrease
in performance was attributed to the DTM. Rendering a tex-
turedDTMrequiresmore computational resources compared
to rendering untextured 3D buildings. The tile size threshold,
which was determined based solely on the 3D objects with-
out considering the terrain, resulted in a drop in rendering
performance below 60 fps. To ensure a consistent rendering
performance of 60 fps, we took the terrain into consideration
when determining the tile size threshold,whichwas set at 180
KB. The aforementioned situation has sparked a discussion
regardingwhether tiling should be done on an object-based or
layer-based approach. In the case of layer-based tiling, each
layer is tiled individually, ensuring that each layer adheres to
the tile size threshold andmaintains a rendering performance
of 60 fps. One advantage of layer-based tiling is that layers
can be displayed or hidden individually, providing flexibility
in the visualization. However, a drawback of this approach
is that when users choose to display multiple layers simulta-
neously, the rendering performance may drop below 60 fps.

Table 2 Runtime metrics of the procedural modelling

Object Count Execution Time (milliseconds)

200 1,2

400 2,4

600 3,4

800 4,8

1000 6,3

1200 7,2

1370 7,8

In the case of object-based tiling, multiple layers are tiled
together. This involves searching for the bounding box of a
feature in other layers, and all the relevant data corresponding
to the bounding box in those layers are considered for tiling.
One advantage of object-based tiling is that multiple layers
can be displayed simultaneously without compromising the
60 fps rendering performance. This allows for a richer and
more comprehensive visualization experience. However, a
disadvantage of this approach is that tiling needs to be done
dynamically, meaning that adding new layers requires a re-
tiling process to ensure the proper display and performance
of the combined layers.Adeep dive for evaluating these tiling
schemes is also planned as future work.

Another discussion in tiling is the order of the operations
during the tiling process. Operations that influence the tile
size and the performance of rendering need to be conducted
prior to the tiling process. Additionally, certain operations
cannot be effectively executed after tiling. The process of
clamping to the terrain should be conducted prior to the tiling
operation. While it is possible to utilize a modified model

Table 3 Runtime metrics of the 3D intersection operation

Object Count Execution Time (seconds)

200 4,14

400 9,4

600 13,24

800 21,44

1000 29,15

1200 40,82

1370 43,35
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view matrix to adjust the heights of buildings based on the
terrain, it is important to note that for a single b3dm file, only
onemodel viewmatrix can be applied. As a result, individual
adjustment of buildings within a tile is not feasible, and the
same offset value is applied to all buildings within the tile.
Due to this constraint imposed by 3D Tiles, it is necessary
to perform the clamping to the terrain for each building prior
to the tiling operation. To ensure that the tile size threshold
is not compromised, it is essential to perform calculations
of vertex normals and triangulation operations prior to the
tiling process. These operations contribute to increasing the
size of the geometric data of the features. Specifically, the
calculation of vertex normals should be done before the trian-
gulation step. This is because, after the triangulation process,
although the surface normals remain unchanged, the calcu-
lation of vertex normals becomes slower due to the increased
number of surfaces. By performing these operations before
tiling, the efficiency and performance of the overall process
can be optimized.

Another discussion, or encountered problem, in tiling is
the high-precision rendering of the tileset. In WebGL, ver-
tex coordinates are typically stored as 32-bit single-precision
floats. However, in georeferenced 3D geospatial datasets,
coordinates are stored as 64-bit double-precision values.
These georeferenced coordinates often exceed the precision
limits of the 32-bit single-precision floats, as they can have
more than seven decimal digits. As a result, when mapping
these coordinates to WebGL, precision loss occurs. This loss
of precision leads to an unwanted jittering effect during the
rendering stage, which negatively impacts the overall ren-
dering quality. To overcome the precision loss issue, the
centre of each tile is stored in the feature table using the
earth-centred earth-fixed (ECEF) coordinate system as RTC
(Related-To-Center) values. The coordinates within the tile
are then transformed into local coordinates, where 32-bit sin-
gle precision is sufficient, by applying translations based on
the RTC values. During runtime rendering, the translated
local coordinates are used to ensure a smooth rendering pro-
cess and avoid the jittering effect caused by precision loss.

The last discussion on tiling has brought attention to
the limitations of the 3D Tiles standard. Despite its signif-
icance as a prominent standard for 3D data streaming, it
is not without notable drawbacks. One particular drawback
lies in the absence of an explicitly defined data structure.
While the standard requires a hierarchical tree structure, it
does not specify a particular implementation such as R-Tree,
Quadtree, or KD-Tree. As a result, different applicationsmay
employ varying data structures for the same dataset, thereby
hindering interoperability. Furthermore, the standard does
not provide an explicit guideline for tile sizing. Different
applications may adopt different tile sizes for tiling the same
dataset, leading to discrepancies in the number of tiles and
rendering performance across applications. This variability

further hinders interoperability and undermines consistency.
This study aims to address and offer a solution to the existing
interoperability issues within the 3D Tiles standard.

Speaking of the 3D Tiles, the standard has a lack of sup-
port for semantic information and the level of detail concept,
besides tiling. Semantic attributes are stored in the Batch
Table. In a 3D city model, there is a lot of semantic infor-
mation at different levels. For instance, a building consists
of different building parts such as roof and facade and these
building parts may have different attributes. Since the Batch
Table does not support hierarchies, only attributes at the
building level can be stored hence, most of the semantic
information is lost during the tiling process. As a result of
this, for example, different parts of the buildings can not
be selected and highlighted. The geometric data is stored
in the b3dm file. The B3dm file is based on glTF for-
mat and does not support different levels of detail. Hence,
while zooming, switching between low and high details of
the same geometry is not possible. There is a “Geometric
Error” definition in the standard verbally which is not clear
enough to implement. There is no mathematical definition
for it hence, the calculation of the geometric error is not
defined. To overcome this issue a formula has been devel-
oped to calculate geometric error which was described in the
methodology. Knowledge about WebGL is required in order
to implement the 3D Tiles standard. Error warnings about
WebGLmust be understood to solve problems. SomeWebGL
errors encountered during the development process were
’GL-INVALID-OPERATION: Insufficient buffer size.’, and
’GL-INVALID-OPERATION : glDrawElements: range out
of bounds for buffer’. The first error was caused due to writ-
ing more data than exists into a buffer for an index array.
The second error was caused due to the wrong indexing of
the vertices while creating the index buffer. Debugging and
solving these problems are not easy due to the verbosity
of WebGL. Error messages are not identical to problems
and many other problems would have caused the same error
messages.

3D Tiles uses glTF as a 3D model format. glTF is
the most efficient format today on the web but debug-
ging and encoding it takes work. glTF is a binary format
hence not human readable which makes it difficult to notice
errors. Binary data is represented as Base64 encoded text.
Here is a part of our geometric data of a tile as Base64
string,"uri":"data:application/octet-stream;base64,7mQfQq
LZI0IAAAAA22QfQo7ZI0IAAAAAxGQfQpvZI0IAAAA
AyWQf QqDZI0IAAAAAuWQ...". Data is heterogeneous;
vertices, normals, and indices are all in this string. To be able
to decode and read data, it should be known which type of
data is between which bytes in the buffer. Hence this makes
it difficult to debug and decode the data when it is compared
to formats such as GeoJSON.
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Fig. 16 A non-manifold shape.
The red edge is incident to four
faces

Also, glTF specification dictates a 4-byte boundary to
align data and make data access efficient. Hence, to align
data in the buffer according to the 4-byte boundary, padding
must be done in some parts of the buffer. Sizes of the struc-
tures in glTF such as bufferviews and accessors must be a
multiple of 4 bytes. While generating the contents, padding
is implemented to guarantee that sizes are a multiple of 4
bytes. Although the sizes of all glTF structures were a multi-
ple of 4 bytes, we still kept getting warnings about the 4-byte
boundary on the console of the browser. The reason was that
beyond glTF structures, each index must be a multiple of 4
bytes; however, an index is encoded as an integer array with
three integer elements. Hence, an integer is 2 bytes, an index
is 6 bytes in size. 2-byte padding was implemented for each
index in the buffer hence, this solved the issue. This situation
is not described in the glTF specification clearly and wastes
more time than it is worth.

Considering the 3DSA component, the first remarkable
discussion will be about half-edge data structure. One limi-
tation of the 3D intersection implementation is its inability
to handle non-manifold 3D shapes. This is because the half-
edge data structure can only represent the left and right
faces of an edge, while non-manifold shapes have edges that
are incident to more than two faces (Fig.16). As a result,
the 3DSA component is unable to accurately calculate 3D
touches for such shapes. The replacement of the half-edge
structure with another for the detection of 3D touches is also
a planned future work at the moment.

Another discussion or limitation in the 3DSA compo-
nent arises in a specific case encountered during testing and
debugging the algorithm. If one of the vertices of an object
is not entirely inside the other object (Fig.17), the 3DSA
implementation cannot construct the intersection as a com-
plete 3D polygonal mesh. This limitation arises because the
construction process relies on starting with a vertex that
is fully contained within the other object, as described in
Section “3D Spatial Analysis Component”. While it is pos-

sible to address this by increasing the number of ray-surface
intersection tests, this scenario is rare in real-world data. Fur-
thermore, increasing the number of ray-surface intersection
tests negatively impacts the algorithm’s performance, so this
solution was not implemented.

Considering the PM component is discussed, the most
notable discussion could be about the extrusion. The extru-
sion function is designed towork independently of coordinate
systems. As a result, it successfully operates in coordinate
systems where the Z-axis does not represent the elevation
from sea level, such as the ECEF coordinate system. This
ensures that the function is compatible with the ECEF coor-
dinate system (EPSG 4978), which is the coordinate system
used in the 3D Tiles standard. Throughout the work, the only
coordinate system used is EPSG 4978. With this function,

Fig. 17 The special case, none of the vertices of the objects are inside
the other object
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2D polygons representing buildings are extruded based on
the elevation information found in their attributes through
the surface normals. If these elevation values were directly
added to the Z values for the extrusion process, the elevated
3D building geometries would not be accurately formed in
systems like ECEF. Furthermore, it is important to highlight
that there is a notable error in the 3D Tiles standard doc-
umentation (OGC 3D Tiles Spesification 2018) regarding
the definition of the coordinate system. The documentation
incorrectly specifies the coordinate system as EPSG 4979.
This mistake can potentially lead to confusion and inaccu-
racies in understanding and calculating coordinates. EPSG
4979 is a geographical coordinate system which consists of
longitude, latitude and altitude and it is notECEFwhenEPSG
4978 is a cartesian coordinate system. This notable mistake
has been corrected in the newer version of the 3D Tiles stan-
dard (OGC 3D Tiles Spesification 2023).

Conclusion

This study presents the development of a web-based appli-
cation aimed at facilitating the management of 3DCMs in
an interoperable manner. The application enables users to
upload their 2D building footprint data, generate 3DCMs,
perform analyses on their models, and visualize both the
3DCMs and the results of the analysis. The tiling compo-
nent of the system addresses the limitations of the 3D Tiles
standard by implementing solutions to its drawbacks. How-
ever, it should be noted that the textures of 3D models are
currently not supported and are not considered in the tiling
algorithm. Additionally, this work also has an essence for
being a detailed reference source by providing information
about the actual situation in 3D geospatial context and using
the latest technologies. Besides summarizing the years of
knowledge depot about 3D modeling, tiling, 3D spatial anal-
yses and web based visualization, the work also spots the
alive drawbacks of the components in this context. Future
work will focus on developing texture support to enhance
the capabilities of the tiling component. Besides, our future
plans also include the evaluation of the tiling schemes as
mentioned in Section “Findings and Discussion”. In the
PM component, an end-to-end pipeline is implemented to
generate 3DCMs from 2D building footprints without the
need for a modeling language. This allows users to create
3DCMs efficiently and seamlessly. The 3DSA component
handles computationally expensive 3D boolean operations
on the server-side, independent of the user’s hardware config-
uration. This approach ensures consistent performance and
reliable results. In future developments for the 3DSA com-
ponent, the goal is to enhance the 3D collision capabilities by
replacing or extending the half-edge structure. Additionally,
we also plan to optimize tiling and 3DSA processes for effi-

cient web-based data streaming through the implementation
of multithreading and multiprocessing techniques, which
are widely-known hardware-based acceleration techniques
in computer graphics. Although we have not mentioned this
kind of process acceleration in this work, we have observed
remarkable results in our prior tests and have been about
to share these findings. In our tests, we are using GPU-
supported cloud machines to accelerate 3D spatial analyses.
This kind of test is a necessity because performing these
algorithms in a web environment requires highly capacitated
servers and a possible billing of the application for the client
will be adjusted using the result of these tests.
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