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ABSTRACT

The paper investigates the capability to integrate the surface and subsurface 3D spatial objects data structure within the 3D spatial
data infrastructure (3D SDI) based on the CityGML standards. In fact, a number of countries around the world have started applying
the 3D city models for their planning and infrastructure management. While others are still working toward 3D SDI by using
CityGML standards. Moreover, most of these initiatives focus on the surface spatial objects with less interest to model subsurface
spatial objects. However, dealing with 3D SDI requires both surface and subsurface spatial objects with clear consideration on the
issues and challenges in terms of the data structure. On the other hand, the study has used geospatial tools and databases such as
FME, PostgreSQL-PostGIS, and 3D City Database to generate the 3D model and to test the capability for integrating the surface and
subsurface 3D spatial objects data structure within the 3D SDI. This paper concludes by describing a framework that aims to
integrate surface and subsurface 3D geospatial objects data structure in Oman SDI. The authors believe that there are possible
solutions based on CityGML standards for surface and subsurface 3D spatial objects. Moreover, solving the issues in data

structure can establish a better vision and open new avenues for the 3D SDI.

1. INTRODUCTION

Nowadays, the infrastructures in the wurban areas are
complicated such as multi-floor buildings and underground
utilities, which requires using 3D geo-datasets. Additionally,
employing the 2D and 2.5D geospatial data may not be useful to
analyze complex problems and so there is an urgent need to
move to 3D geospatial data and 3D city model (Kitsakis et al.,
2016; Roi¢, 2012; Stoter et al., 2015; van den Brink et al.,
2013).

Currently, the 3D city model and their related applications are
considering as good initiatives for representing the 3D spatial
objects and entire cities. Moreover, the capability of current 3D
geospatial technology has become capable to solve complex
data structure issues. Hence, the need for 3D city model
applications has increased within the government agencies and
municipalities for various applications such as 3D cadastral and
smart cities (Preka and Doulamis, 2016).

A number of countries around the world have applied the 3D
city models for planning and infrastructure management, while
other countries are working toward 3D SDI by using CityGML
standard.

Moreover, most of these initiatives focus on surface spatial
objects data structure with less interest to model subsurface
spatial objects. However, dealing with 3D SDI requires a
framework for integrating the data structure for both the surface
and subsurface spatial objects. Moreover, since the current
CityGML (version 2) standard has its limitation and focuses
only on the surfaces spatial objects, there is a need to study how
to extend the standards of CityGML (version 2) to
accommaodate the underground objects.

This paper is arranged into seven sections. The second section
discusses the current CityGML standard. Then, section three
investigates the 3D SDI and current status of 3D geospatial data
in Oman including the motivation for utilizing CityGML as the

standard for 3D SDI and the need for subsurface spatial objects
within the 3D SDI. The experiments and discussion take place
in section four and five, respectively. The paper proposes a
framework to accommodate the surfaces and subsurface spatial
objects within the 3D SDI in section six. The initial findings of
the study are demonstrated in final seven.

2. CityGML STANDARD

CityGML initiatives have been developed by the Special
Interest Group3D (3D SIG) and it is organized now by Open
Geospatial Consortium (OGC). In addition, CityGML has been
recognized to be the international standard for exchanging the
format of 3D geospatial objects and the 3D city model based on
the XML file format and the GML 3xx. In addition, CityGML
(version 2) includes 13 models to store spatial objects and 5
levels of detail (LoD) (Biljecki, 2017; Biljecki et al., 2015b;
Stouffs et al., 2018).

On the other hand, the standard of CityGML mainly focuses on
the spatial perspective, unlike the Industry Foundation Classes
(IFC) standards and Building Information Modeling (BIM)
(Arroyo Ohori et al., 2018; Biljecki et al., 2016, 2015a; Kensek,
2014). Hence, CityGML presents the most common (natural and
human) spatial features that can be found in the cities and their
surrounding with determining their geometric and semantic
information. In fact, the CityGML standard gives more focus to
the building model- schema more than other schemas.
Moreover, the concept of CityGML allows decomposing the
spatial objects to sub-spatial objects like buildings (Figure 1)
(Arroyo Ohori et al., 2018; Biljecki, 2017; Biljecki et al., 2017,
20154, 2015b; Kensek, 2014; Stoter et al., 2016).
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Figure 1. Decomposing the building to sub- spatial objects in
CityGML

3. 3D SPATIAL DATA INFRASTRUCTURE (3D SDI)

The 3D SDlI is kind of a platform that includes all the geospatial
activates starting from a vision to the data (Kalantari Oskouei et
al., 2018; Rajabifard and Coleman, 2012). In addition, it has
become one of the solutions for planning and managing many
smart cities. Moreover, the 3D data is greatly required for
urban, utilities, security, public safety and municipal entities (Li
et al., 2013; Mao, 2014; Salim, 2017). Furthermore, 3D SDI has
a wide range of benefits as it can reduce costs, save time,
increase accuracy and improve efficiency. It can also improve
workflows, increase productivity, manage resources, enhance
the quality of services, support decision making and offer
further functionality through the 3D dimension.

Most of 3D SDI projects around the world even in the
developed countries face lots of challenges that affect the SDI
implementation process and sometimes it stops at various
stages. In fact, the most challenges and issues facing the
implementation of 3D SDI is how to create 3D city model data
structure from different 2D and 3D data models available in the
geospatial society.

In addition, there are other obstacles can be encountered such as
3D geospatial data complexity format, 3D legation and policy,
3D objects registration, 3D geospatial data management, 3D
modeling and presenting information (Alsultan and Rahman,
2015; Biljecki et al., 2015b; Breunig et al., 2015;
Decontamination, 2016; Delgado Fernandez et al., 2008; Ellul,
2016; Ho et al., 2015; Makanga and Smit, 2010; NCSI, 2017a;
Rajabifard and Coleman, 2012; Salim, 2017; Stoter et al., 2015;
Zhao et al., 2007).

Oman has made noticeable progress in integrating the 2D and
2.5D geospatial data into Oman SDI in most of its governance
infrastructure (Figure 2) (NCSI, 2017a, 2017b). In contrast, up
to now, there is no serious implementation for 3D geospatial
data and 3D model both in the public and private sector in
Oman. As reported by NCSI, (2017a, 2017b) most of the Omani

government sectors keep the geospatial data flowing at the level
of the 2D and 2.5D geospatial data. Nevertheless, the geospatial
society in Oman needs 3D geospatial solutions to manage
complex data structure for surface and subsurface spatial
objects. What is also crucial is that Oman National Spatial Data
Infrastructure (ONSDI) and other geospatial sectors have to
revamp their visions, objectives and standards to meet the
requirements for 3D city model and 3D SDI.
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Figure 2. Oman SDI geospatial core business

3.1 The Motivation for Utilizing CityGML as Standard for
3D SDI

CityGML is open XML file format for exchanging, storing and
representing 3D objects. In addition, the structure of CityGML
file format is developed based on hierarchy structure both for
geometric and semantic information. On the other hand,
different geospatial vendors have integrated their GIS products
with CityGML extension for reading, writing and viewing in
CityGML format.

Moreover, CityGML has been supported with some solutions in
terms of providing database structure which is suitable with
CityGML standard such as PostgreSQL-PostGIS, Oracle, and
3D City Database (3D City DB). In fact, now there are various
spatial applications for CityGML such as solar potential, flood
risk, and noise monitoring. (Biljecki, 2017; Biljecki et al.,
2015b; Preka and Doulamis, 2016; Soon et al., 2016; Yao et al.,
2018).

3.2 Need for Subsurface Spatial Objects within the 3D SDI

The change of urban growth, as well as the speed of urban
sprawl components, both has caused such limitations in the
lands that are valid for construction. Hence, it has played an
important role to drive the megacities around the world to start
establishing their construction in subsurface such as train
tunnel, shuttle, and pipeline. Furthermore, all objects in the
surface and subsurface are built in space filled with soil and
rock. Thus, it is essential to determine the potential risks and
unexpected issues that may influence the construction. This may
lead to raise a lot of questions regarding the importance to
create 3D City model that accommodates both surface and
subsurface spatial objects (Bisheng et al., 1999; Duncan and
Rahman, 2013; Gemeda, 2012; Kolbe and Groger, 2003; Liu et
al., 2009; Rienzo et al., 2008; Salim, 2017; van den Brink et al.,
2013; Wang et al., 2018; Yan et al., 2018) .
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Most of the current 3D city models represent different
phenomena and objects above the surface with little interest to
display subsurface spatial objects in 3D. On the other hand,
there are some models which have been designed to manage
undergrounds utility objects such as CityGML utility network
ADE, IFC, ArcGIS utility model, and the INSPIRE utility
networks model. In addition, these models support
visualization, storage, analysis, and exchange. In fact, most of
these solutions focus on 2D geospatial data without 3D, with the
exception of the CityGML utility network ADE and the IFC
utility model (Arroyo Ohori et al., 2018; Yan et al., 2018).

The subsurface geological model is an important model for any
3D city model and underground services management.
Moreover, it assesses the degree of risks and the possible
impacts on the city infrastructure (surface and subsurface). In
addition, it considers a useful tool to calculate the cost-benefit
before real construction.

Several studies have discussed the geological model and city
model from perspectives of geographic information system
(GIS) and engineering (Gang Liu et al., 2009). On the other
hand, there are rarely studies that link between the geological
model and CityGML standard and most of these studies have
adopted GML in their methodology.

In contrast, the extracting for the 3D geological data is not an
easy task to be implemented in cities, where most of the cities
already are covered by building and other infrastructures.
Moreover, the extraction of such data entails different
technologies such as semi survey and vertical samples for
digging the wells. Photogrammetry and laser scanning can also
be used to create a geological land cover map (LoD 0).

Another issue is that there are various 3D geological models
which have been created by using different geological standards
and approaches (Gang Liu et al., 2009). Thus, there are urgent
needs to harmonize all the 3D geological models to create a
unified 3D geological model. At this point, GeoSciML is
considered as a basic standard based on XML to transform the
geological models and objects and could be widely used in the
oil and gas industry. Moreover, the GeoSciML has been
adopted in the OGC standards.

Furthermore, the China Geological Survey has taken the 3D
geological modeling and the GeoSciML to the next level
through publishing the Geo3DML. Nowadays, Geo3DML is
considered as a good initiative to unify and exchange geological
models. Moreover, the Geo3DML has accommodated various
geological models including drills, cross-sections/geo-maps,
and 3D models. Additionally, the Geo3DML uses the same
OGC standards and GML extensions (Wang et al., 2018).

4. EXPERIMENTS

In order to figure out the issues and challenges to develop 3D
SDI based on CityGML standard including surface and
subsurface spatial objects, the study has carried some
experiments in a pilot area in Oman. The study has collected the
data from the related geospatial agencies in Oman (2D, 2.5D
geospatial data). Moreover, the study has used geospatial tools
and databases such as FME, PostgreSQL-PostGIS, and 3D City
Database. These aforementioned tools and databases were used
to generate the 3D model and to test the capability for
integrating the surface and subsurface 3D spatial objects data
structure within the 3D spatial data infrastructure (3D SDI).

To convert the geospatial data structure obtained from the study
area to the 3D model based on CityGML standard, the
experiments have used the FME as an exchanging tool.
Consequently, the buildings, pipeline networks, and geological
strata in the study area were all generated in LoD1 and LoD2
CityGML files (Figure 3).

Building

Pipeline Network

Figure 3. Creating a 3D model for some surfaces spatial object
(building) and subsurface objects (pipeline networks and
geological strata model)

Furthermore, the study has utilized PostgreSQL-PostGIS to
create a geospatial database (oman_citydb_2019) based on the
Omani Coordinate Reference System(CRS). In addition, the
3DCityDB was linked with the database to export the 3D
geospatial data models and to check the capability for
structuring and integrating both schemas of surfaces spatial
object (building) and subsurface spatial objects (pipeline
networks and geological strata).

The final database of this study has been created including
CityGML and KML files. In addition, some of the results have
exported from 3DCityDB using KML/COLLADA plugin
(Figure 4).

 Figure 4. Part of 3DCityDB in KML file
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5. DISCUSSION

Through modeling and integrating the spatial objects for surface
and subsurface within the pilot area, the study has found that the
most issues are caused by modeling subsurface spatial objects
like pipeline network and geological data. In fact, the CityGML
does not provide a valid standard to support subsurface objects
except for the CityGML utility network ADE for utility network
(not published in CityGML standard yet). Since there is no clear
standard for subsurface objects on CityGML standard (version
2), some experiments were carried out in the study to develop
its own 3D model inherited from CityGML standard for some
subsurface spatial objects such as pipeline networks and
geological strata models.

Additionally, the 3D generated model still needs to address
some issues in its data structure. These issues are categorized in
terms of the CRS/SRID, quality of data structures, poor
geomatics representation, the problem of semantic cording,
creating the data structure in terms of schema(s) and LoD(s),
integration with the DTM, and the topology issues. Other issues
are related to encoding information standardized rules and how
to manage the interplay relationships between different
subsurface spatial objects under the earth's surface. Thus, if the
existence of these challenges in the data structure is not
processed, it will affect later the database management and
contribute to the reduction of its effectiveness.

In addition, it is very crucial for 3D SDI and 3D city model to
answer the spatial queries of different clients. Thus, the study
which is based on the experiments has found that the database
structure for surface spatial objects can be created through the
integration of PostgreSQL-PostGIS, and 3DCityDB (open
source). Hence, SQL queries and other simple spatial analysis
such as distance, length, and others can be executed by using
SQL scripts in the database. Our tests also show that the
3DCityDB is suitable for the surface spatial objects (building,
bridge, water), and other schemas defined in CityGML standard
(version 2). On contrast, since there is no schema(s) until now
for subsurface spatial objects in CityGML standard (version 2),
the subsurface spatial objects (pipeline and geological spatial
objects) are still not defined in the feature classes of the
3DCityDB.

Theoretically, subsurface models can be added to the databases
under the specific of CityGML standard (version 2)
classifications, but the problem is that the spatial data are not
valid for the analysis due to the problems mentioned earlier.

6. DEVELOPING FRAMEWORK FOR SURFACES
AND SUBSURFACE SPATIAL OBJECTS WITHIN
THE 3D SDI

Developing a framework and data structure for surfaces and
subsurface spatial objects within the 3D SDI is a complex task.
Therefore, the study proposes a framework (Figure 5) for
developing the 3D city model within the upcoming Oman 3D
SDI.
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Figure 5. Developing framework for surfaces and subsurface
spatial objects within the 3D SDI

In addition, the framework includes different resources for 3D
geospatial data (surface and subsurface spatial objects),
interoperability platform uses different standards, database
accommodates the structure of surface and subsurface, 3D SDE,
administrative tools, and the 3D visualization system. The
framework points out that the 3D city model within the 3D SDI
needs efficient management for the 3D spatial database
(DBMS) to meet the 3D application requirement in different
agencies. Moreover, the 3D database engine (SDE) is a
necessary element to manage the access and relationship
between the database and 3D model functionality such as 3D
query, 3D analysis, and 3D visualization.

7. CONCLUSION AND OUTLOOK

This paper attempts to investigate the capability to integrate the
surface and subsurface 3D spatial objects data structure within
the 3D spatial data infrastructure (3D SDI) based on the
CityGML standard.

The final remark of the study shows that there is a capability to
create subsurface spatial objects based on CityGML standard
but they are still some issues that need to be tackled in terms of
geometric, semantic information and other challenges.
Moreover, the standard of CityGML is still in progress and is
not stable enough to meet the requirements of 3D SDI.

In addition, the current CityGML standard (vision 2) and
3DCityDB do not support the subsurface spatial object
effectively. Hence, there is an urgent need for 3D SDI if the
CityGML is chosen as the standard to fill this gap and develop a
unified standard for the subsurface object within the CityGML
standard. On the other hand, efforts to make the 3D SDI
successful initiatives which require a homogenous and stable
environment of all the standards (CityGML, IFC, BIM, and
others) that used to exchange the three-dimensional spatial data.
In the future, based on the initial results, we would like to
investigate this matter further by exploring possible solutions to
integrate the 3D subsurface spatial objects within the 3D SDI.
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