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ABSTRACT
Due to technological developments, 3D city models have become valuable in various domains such as
emergency services, facilities management, tourism and entertainment along with several applications
such as the estimation of solar irradiation, routing, lighting simulations, etc. However, many cities in the
world, especially in developing countries, still suffer from lack of 3D city models. It seems that the main
reason for this deficiency is that 3D city models are expensive. Furthermore, acquiring semantic and
thematic data as an indispensable part of 3D city models is an exhausting and time-consuming task.
Nowadays, a geospatial data collecting technique, which is an inexpensive and promptness solution, has
been developed. This technique is based on crowdsourcing concept and is recognized as Volunteered
Geographic Information (VGI). In this paper, we have used VGI as a free and promptness technique for
data gathering to solve the abovementioned problems in the Shahid Rajaee Teacher Training University as
the study area. We gathered the minimum required data for creating a 3D city model based on the
CityGML standard as the most well-known and acceptable standard by VGI. Also, 3DcityDB that supports
CityGML was used for data storage task. In order to collect the required data, an Android mobile
application was developed based on Open Data Kit (ODK). In this study, the volunteers were asked to
provide their estimations of the heights of buildings as well as some other spatial and attribute data.
Consequently, a 3D city model was produced based on the CityGML standard that achieved LOD 1 and 2.
For validation, the heights of buildings obtained from VGI were compared to the accurately measured
heights. The calculated RMSE for this comparison was 1.33 meter, proving the abilities of VGI in
collecting reliable datasets.

1. Introduction
The world is increasingly described in three dimensions
and cities as the largest human settlements. Cities provide
facilities like housing, transportation, sanitation, utilities,
and communication for their growing population and
expanding regions. Therefore, the creation, maintenance,
and development of dynamic 3D city models with the
ability of updating are of the main needs of urban planning.
Today, 3D city models have been employed in several
domains and for a large range of tasks. Biljecki et al. (2015)
reviewed the applications of 3D city models and
demonstrated that these models could be employed in at
least 29 use cases that are a part of more than 100
__________
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applications (Biljecki et al., 2015). The acceptance and
recognition of these models by community has led to the
definition of standards that are relevant to spatial, temporal
and semantic characteristics of three dimensional cities. The
most popular standard in this regard is CityGML, which has
been provided by the Open Geospatial Consortium (OGC).
CityGML is an open data model and XML-based format for
the storage and exchange of virtual 3D city models. This
standard includes geometric and thematic models. The first
model allows consistent and homogeneous definition of
geometrical and topological properties of spatial objects
within 3D city models and the second one employs the
geometric model for different thematic fields such as
Digital Terrain Models (DTM), sites, vegetation, water
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bodies, transportation facilities, and city furniture. Although
some standards, such as CityGML, facilitate the modeling
process, there are some barriers to provide and maintain
high-quality models. The most important barriers are time
and cost (Ribarsky et al., 2013). On the other hand, the data
contributed to the creation of a 3D model must satisfy the
quality measures of spatial data. These measures are
completeness, consistency, positional accuracy, temporal
accuracy, and thematic accuracy, defined by International
Organization for Standardization (ISO). Since the efficiency
and usability of such models depend on the quality
measures, therefore, the traditional data collection methods
that consume time and cost are unable to acquire up-to-date
datasets continually. Accordingly, governmental agencies
will be attributed to new roles: they act as regulator actors
instead of principal producers (Hajji & Billen, 2012).
Goodchild (2007) coined the term Volunteered Geographic
Information (VGI). A VGI system is a free of charge data
gathering approach, in which volunteer citizens use their
own tools (i.e., smartphones) to create, assemble and
disseminate geographic information. This task is normally
carried out by those who usually do not have formal
training in GIS or cartography, often incorporate
multimedia representations, including photographs, texts,
and sounds that are tagged with locational information
(Elwood, 2009). Nowadays, there are numerous
implemented VGI systems with different purposes,
especially those that collect global 2D and semantic
information. In addition to numerous 2D VGI examples,
there are several crowds generated spatial 3D information
systems. The most advanced work in the context of creating
3D city models from VGI data is the Open Street Map
(OSM)-3D project (Uden & Zipf, 2013). According to the
increase of databases enriched by volunteered geographic
information both in 2D and 3D scope, there are two ways to
create a 3D city model using VGI: first exploring the
existing databases and extracting useful relevant data,
second, designing a new system dedicated to obtaining the
required data to create a comprehensive and dynamic
model. Although the first method looks possible, according
to Goetz & Zipf (2012) who tried to relate OSM key/values
as the largest crowd generated content of CityGML
attributes, there are three different relationships between
OSM key/values and CityGML attributes (Goetz & Zipf,
2012).
The acquisition of semantic information from OSM for
CityGML is convenient only when one key in OSM can be
mapped to one attribute in CityGML, or in other words,
there is a one-to-one relationship between them. Where
several OSM keys can be mapped to a single CityGML
attribute or there is no suitable OSM keys for a CityGML
attribute, it is complicated or almost impossible to relate
OSM key/values to CityGML attributes. Thus, in order to
overcome the drawbacks of the first method, it is necessary
to use the second approach that is capable of designing a

new system for data gathering according to CityGML
attributes. Consequently, this paper represents a new
approach to acquiring CityGML attributes through a VGI
system designed by the Open Data Kit (ODK). The
remaining sections of this paper are organized as follows:
first, a review of some related researches is presented.
Afterward, the CityGML standard required for the
subsequent work and discussion is described in the detail.
This is followed by the introduction of 3DCityDB. Then,
ODK is explained. Next, a framework for the creation of
CityGML models in 3DCityDB from VGI using ODK is
introduced. Finally, the last part summarizes the presented
work.
2. Related Works
Generally, there are various techniques to generate 3D
city models, including photogrammetry and laser scanning,
extrusion from 2D footprints, synthetic aperture radar,
architectural models and drawings, handheld devices,
procedural modeling, and volunteer ed geoinformation
(Biljecki et al., 2015). Some studies and projects have
examined generating 3D City models from volunteered
geoinformation that often use OpenStreetMap as a source of
information. Over et al. (2010) investigated the challenges
of generating a web-based 3D city model from OSM. They
reviewed the suitability and quality of the OSM data for 3D
visualizations of traffic infrastructure, buildings, and points
of interest. Also, based on OGC standards, they properly
implemented specialized web services. Finally, they
represented a service as the research results and named it
OSM-3D (Over et al., 2010). Although OSM-3D is
recognized as the most advanced project in this scope, it
only focuses on visualization purposes, while a
standardized usage for exchanging and sharing urban city
models is not combined with VGI. Therefore, Goetz & Zipf
(2012) presented a framework for automatic VGI-based
creation of 3D building models encoded as standardized
CityGML models. Then, they proved that VGI is a proper
data source for the creation of standardized city models
(Goetz & Zipf, 2012). Another important effort towards
3D-VGI is OpenBuildingModels represented by Uden &
Zipf (2013). They showed that models could be linked to
OSM objects and displayed by a dedicated 3D viewer,
which could extend the possibilities to crowdsource 3D city
models. Also, they investigated the potential of VGI for
generating 3D city models, main scientific and practical
questions and problems in this leap forward from 2D to 3D
concerning crowdsourcing means that enable volunteer
users to contribute rich 3D information (Uden & Zipf,
2013). Finally, Prieto et al. (2018) represented a continuous
deployment-based approach for the collaborative creation,
maintenance, testing and deployment of CityGML models.
They presented a solution to facilitate regular maintenance
of 3D city models in CityGML (Prieto et al., 2018). This
solution is based on the continuous deployment strategy and
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reduces manual labor using automating processes,
facilitates the collaborative maintenance of the models by
integrating a control system, and finally reduces geometric
and semantic errors through systematic and frequent
execution of automatic tests.
3. CityGML
The City Geography Markup Language (CityGML) is a
concept for the modeling and exchange of 3D city and
landscape models issued by Open Geospatial Consortium
(OGC) (Ohori et al., 2018). Over the last year, CityGML is
quickly being adopted on an international level. CityGML
provides a common definition of basic entities, attributes,
and regulations of a 3D city model. CityGML has become a
global standard for storing and exchanging 3D city models,
thus allows interoperable access to 3D city models. It is
based on the Geography Markup Language 3 (Lake et al.,
2004), which is commonly used for exchanging data in
spatial data infrastructures. CityGML not only represents
the graphical appearance of city models, but it specifically
addresses the representation of semantic and thematic
properties, taxonomies, and aggregations. CityGML
includes two geometric and thematic models. The
geometric model allows for the consistent and
homogeneous definition of geometrical and topological
properties of spatial objects within 3D city models. Spatial
objects of uniform shape, e.g., trees, which appear many
times at different positions, can also be modeled as
prototypes and be used multiple times in the city model. A
grouping concept allows the combination of single 3D
objects, e.g., buildings in a building complex. Those objects
that are not geometrically modeled by closed solids can be
virtually sealed to compute their volumes, such as
pedestrian underpasses, tunnels, or airplane hangars
(Ozerbıl et al., 2019). Whereas geometry describes the
spatial configuration of features, a thematic model describes
semantic definition, attributes, and relationships of features.
CityGML differentiates five consecutive Level Of Detail
(LOD), where objects become more detailed with
increasing LOD regarding both their geometry and thematic
differentiation. CityGML files can - but do not have to simultaneously contain multiple representations (and
geometries) for each object in different LOD (Biljecki et al.,
2014). The generalization of relations allows the explicit
representation of aggregated objects over different scales.
In addition to spatial properties, CityGML features can be
assigned to appearances. Appearances are not limited to
visual data but represent arbitrary observable properties of
the feature’s surface such as infrared radiation, noise
pollution, or earthquake-induced structural stress.
Furthermore, the objects can have external references to
corresponding objects in external datasets. Enumerative
object attributes are restricted to external code lists and

values defined in external, redefinable dictionaries. In
addition to the above-mentioned characteristics, there are
several other characteristics like modularization and
Application Domain Extensions (ADE), but we do not
describe them because they are not further required.
Nowadays, the software packages dealing with CityGML
are classified in six categories namely: viewers, generators
of 3D city models in CityGML, parsers and API for
programmers, validators of different aspects of CityGML,
software that uses CityGML as input, and the DataBase
Management System (DBMS) that store CityGML data. A
DBMS is a computer application that interacts with endusers, other applications, and the database itself to capture
and analyze data. The final goal of this paper is the
introduction of a new method to VGI data acquiring,
storage and analyzing based on the CityGML standard.
Therefore, we need to use a database to store and analyze
the acquired data. Until now, there are two DBMS that
support CityGML standards (GeoRocket and 3DCityDB);
the first is a high-performance data store for geospatial files
(cloud-based); the latter is a free geodatabase to store,
represent, and manage virtual 3D city models on top of a
standard spatial relational database (PostGIS and Oracle).
We do not merely need a repository for data storage, but we
also need data management and analysis. Therefore, we will
use 3DCityDB.
3.1. 3DCityDB

A 3D City Database (3DCityDB) is an Open Source
package consisting of a database scheme and a set of
software tools to import, manage, analyze, visualize, and
export virtual 3D city models according to the CityGML
standard. The database scheme results from mapping the
object-oriented model of CityGML 2.0 to the relational
structure of a Spatially-enhanced Relational DataBase
Management System (SRDBMS). The 3DCityDB supports
the commercial SRDBMS Oracle (with ‘Spatial’ or
‘Locator’ license options) and the Open Source SRDBMS
PostGIS (which is an extension to the free RDBMS
PostgreSQL).
3DCityDB employs the specific representation and
processing capabilities of the SRDBMS regarding the
spatial data elements. It can handle also very large models
in multiple levels of details consisting millions of 3D
objects with hundreds of millions of geometries and texture
images.
4. Open Data Kit
Open Data Kit (ODK) is a modular, extensible, and
open-source suite of tools designed to empower users to
build information services for developing regions. ODK
currently consists of three tools: Collect, Aggregate, and
Build (Brunette et al., 2017) (Figure 1).
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Figure 1. The structure of an Open Data Kit
4.1. ODK Collect

ODK Collect renders forms into a sequence of input
prompts that apply form logic, entry constraints, and
repeating sub-structures. Users work through the prompts
and can save the submission at any point. Finalized
submissions can be sent to (and new forms downloaded
from) a server. Currently, ODK Collect uses the Android
platform, supports a wide variety of prompts (text, number,
location, multimedia, barcodes), and works well without
network connectivity.

(e.g., Google Spreadsheets or Google Fusion Tables).
ODK Aggregate can be deployed on Google's App Engine,
enabling users to quickly get running without facing the
complexities of setting up their scalable web service. ODK
Aggregate can also be deployed locally on a Tomcat server
backed with a MySQL or PostgreSQL database.

4.2. ODK Build

4.3. ODK Aggregate

In this part of the paper, we present a structured method
to provide a 3D city model using VGI. In the first step, we
categorize the required data considering the CityGML
standard. Since CityGML is a purpose independent
standard, it includes wide range of spatial and thematic
information (Figure 2).

ODK Aggregate provides a ready-to-deploy server and
data repository to provide blank forms to ODK Collect (or
other OpenRosa clients), accept finalized forms
(submissions) from ODK Collect, manage collected data,
visualize the collected data using maps and simple graphs,
export data (e.g., as CSV files for spreadsheets, or as KML
files for Google Earth), and Publish data to external systems

Therefore, in
this research, we
developed
a
partial implementation of CityGML that requires the
minimum data to create a 3D city model. The minimum
required data are Digital Terrain Model, 2D cadastral map
and buildings' elevation data, semantic and thematic
information, as well as point coordinates of prototypes and
texture of buildings.

ODK Build is a form designer with a user-friend
interface. It is an HTML5 web application and works best
for designing simple forms.

5. CityGML data gathering by ODK

Figure 2. Acquiring CityGML data through ODK
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5.1. Digital Terrain Model

Recently, a new approach has been developed by Massad
and Dalyot (2018) to produce digital terrain models by
crowdsourcing of massive smartphone Assisted-GPS sensor
ground observations (Massad & Dalyot, 2018). They
proposed the development and implementation of a 2D
Kalman filter and smoothing on the acquired crowdsourced
observations for the production of topographic
representation. When compared to an authoritative DTM,
the results obtained are very promising in producing proper
elevation values. Moreover, there are some free worldwide
DTMs in different resolution provided by satellite imageries
like SRTM DEM V3 (30m), ASTER GDEM V2 (30m) and
USGS (30m) (Raj et al. 2018).
5.2. 2D Map

Nowadays, there are 2D maps in most urban areas in
different precisions that produced by different equipment.
These maps are both free of charge and priced for users.
The most popular free source 2D georeferenced map is
OSM. Besides, it is possible to create a system like OSM or
develop OSM to acquire 2D datasets. The 2D cadastral map
can be reached through drawing on georeferenced satellite
imageries.

process semantic information from user-generated datasets
like OSM. Using innovative approaches, one can integrate
some OSM keys and exploit unique semantic information
from their values. The third way to collect semantic data is
to use questionnaires in various scopes in an urban
environment, such as transportation and traffic forecasting,
urban planning, public health and safety, and emergency
responses.
5.5. Prototypes

Uniform shapes like trees and other vegetation objects,
traffic lights and traffic signs can be represented as
prototypes that are instantiated multiple times at different
locations. In order to collect prototypes coordinate data by
volunteers, a simple way is using smartphones equipped
with positioning sensors such as GPS.
5.6. Texture

Textures are an essential part of high detail building
models (Uden & Zipf, 2013). There are few approaches that
use crowd sourced segmented image content to build an
iterative framework for 3D shape estimation. Experiments
on crowd sourced image and video datasets illustrate the
effectiveness of these approaches. On the other hand, re cent
advances in Structure from Motion and Bundle Adjustment
allow to efficiently reconstruct large 3D scenes from
millions of images (Untzelmann et al., 2013). The buildings
can be individually reconstructed and then mapped into a
global coordinate system by registering them to the building
footprints. Moreover, according to the state-of-art, there are
some solutions to generate an initial 3D shape estimation
from the input videos (Ji et al., 2014).
-

-

5.3. Buildings' elevation

There are two main approaches to acquire elevation data
by VGI. First, we can ask volunteers to determine buildings
elevation directly as OSM contributor where they specify a
value for building keys (Fan & Zipf, 2016). Second, the
number of levels can be asked from volunteers, then it is
possible to compute the building elevation by multiplying
the number of levels by an average level height
5.4. Semantic and thematic information

Detailed information on the functional, morphological,
and socio-economic structure of the built environment is
required for urban modeling (Kunze & Hecht, 2015).
Numerous semantic information can be obtained directly or
indirectly by individuals. There are three general ways of
acquiring such information. The most common approach is
exploiting semantic information from social networks. Geotagged contexts derived from social networks (e.g., Twitter,
Facebook, Flickr, Instagram, etc.) can be textual, pictorial
and emotional information (e.g., texts about normal life and
opinion on current issues or events) provide an opportunity
to conveniently and deeply explore and understand
semantic information in the whole world. The second is to

-

6. Implementation
According to the previous sections, a comprehensive
CityGML-based system (Shahid Rajaee University Volunteered Geographic Information: SRU_VGI) was
developed based on the ODK and its required data for 3D
city modeling. This system includes three major parts:
External datasets that are 2D maps. DTM, SRU collect, and
SRU database.
6.1. Study Area

The proposed system was implemented in Shahid Rajaee
University in the northeast of Tehran (Lavizan). The area of
this university is 150,000 m2 contains about 90 buildings.
Figure 3 shows the study area.
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Figure 3.
6.2. External Datasets

In this step, two free external datasets were used include
12.5m Digital Elevation Model (DEM) provided by Alaska
Satellite Facility (ASF) from PALSAR satellite and 68cm

(a) DEM of the study area

Study area
Quickbird satellite image. Figure 4(a) shows the DEM map
of the study area, and Figure 4(b) shows its satellite image.
Also, a 2D plan of the university was used. The plan scale
is 1:500. Figure 5 shows the 2D plan of the university.

(b) Satellite image of the study area

Figure 4 . External datasets, (a) DEM of the study area (b) Satellite image of the study area
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Figure 5. . External dataset: the 2D plan of the study area
6.3. SRU Collect

The SRU collect is a custom development of the ODK
suit. SRU collect is an Android application developed in
Android Studio environment. Android API 21, camera,

compass, and global positioning system (GPS) are the
required software/hardware tools for this application. Figure
6 shows two screenshot of the SRU collect app.

Figure 6. SRU collect App
As mentioned before, DEM and 2D plan were collected
from external datasets. However, the other required data
should be collected through VGI. These datasets include
absolute building level, semantic and thematic information,
roof shape, geographic latitude and longitude and textures.
Photograph is one of the collected datasets from which the
texture of buildings is extracted. Buildings elevations are
obtained from the volunteers' estimations. Furthermore, the

date, time and device serial number are saved automatically
as metadata.
6.4. SRU Database

As earlier mentioned, 3DCityDB supports PostgresSQL
database management systems. In this research, a custom
3DCityDB was developed based on PostgreSQL 9.4.1064bit using the PostGIS extension. Database schemes,
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relations, primary keys and foreign keys are designed based
on the above-mentioned required data for 3D city modeling.
6.5. Validation

One of the best methods to evaluate the VGI data is their
comparison with formal data. Therefore, we used this
method in this study. Ten buildings elevations (more than
10 percent of total buildings in the study area) were
measured accurately using standard surveying methods.
Then, the Root Mean squared error (RMSE) of elevation
values was calculated using the following equation:

RMSE=

1
n

n

 (Y -Y' )
i

i

2

(1)

i=1

where, Y and Y′ are accurate and estimated elevations of

building I, respectively. The number of buildings, n, is 10.
The calculated RMSE value was equal to 1.33m. This value
is less than the elevation of one floor. On the other hand,
this is not only acceptable but an accurate value for
producing a Digital Surface Model (DSM) for urban area.
6.6. Analyses and Discussion

The SRU_VGI system was applied in the study area over
one month. In this period, 26 volunteers contributed to this
system. The collected dataset includes about 50 percent of
the buildings in the study area. Considering the CityGML
theory, the minimum height precision is 5m, 2m, 0.5m, and
0.2m for LOD 0 to 4, respectively. Thus, we can export a
3D city model in LOD 0 to 2 from VGI acquired throughout
ODK. Figure 7 shows the 3D city model of the study area
for LOD 1.

Figure 7. Study area in LOD 1
Integrating the roof shape to LOD 1 leads to the creation
of LOD 2. Furthermore, in LOD 2, we can add the textures

of building surfaces and roofs, as shown in Figure 8.

Figure 8. Study area in LOD 2
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Based on the collected data, the 3D city model was
created for 80 percent of the Shahid Rajaee University in
LOD 1. The 3D city model of the study area in LOD 2
includes 60 percent of the study area. Therefore, it is
possible to create a 3D city model using VGI, despite data
deficiency.
7. Conclusion
Applications of 3D city models in urban planning and
architecture, navigation systems, emergency management
and spatial analysis have enhanced city modeling standards.
One of the most popular standards for 3D city modeling is
CityGML. Therefore, the implemental tools of this standard
including viewers, generators, parsers, validators, and
DBMSs have been provided in the literature. Although such
standards ensure usability, comprehensiveness, and
applicability of 3D city models, attaining up-to-date
information, such as semantic data, is necessary for
dynamic models. However, acquiring such information by
traditional surveying approaches is very expensive or
impossible. Therefore, we tried to use a new approach for
collecting both spatial and attribute data as an efficient way
to overcome those mentioned barriers. In this research, a
new approach was introduced for 3D city modeling based
on the CityGML standard. Also, the SRU collect Android
application was designed by the Open Data Kit (ODK) and
SRU DB were designed by 3DCityDB as the data gathering
tool and data storage repository, respectively. Data
gathering lasted a month in the Shahid Rajaee University.
Based on the collected data, which included the estimation
of buildings' elevations, a 3D city model was created for 80
and 60 percent of the study area for LODs 1 and 2,
respectively. In order to assess the accuracy of the model,
buildings elevations obtained from VGI data were
compared to precisely surveyed ones. The results show a
spatial accuracy of 1.33m based on the RMSE index. In
addition to the photographs and buildings elevations, many
other applicable datasets, such as attribute and texture
datasets, were gathered with the help of volunteers. As a
consequence, the application of VGI not only reduces the
costs of data gathering, but it also makes it possible to
collect datasets there were impossible to be collected
through conventional methods.
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