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Abstract
Two-dimensional (2D) maps, which have been used extensively for many years, are now being replaced by increasingly
widespread three-dimensional (3D) applications on these days. Recent developments have led to the need for rapid
production of an entire city in three dimensions using spatial data produced by different methods or already available.
Due to data production time, up-to-date data requirements and relatively high costs, it is not easy to produce the
required 3D data at the whole city scale. The data obtained after many studies are rapidly becoming out of date. Some
procedural modeling techniques have also been developed that enable the rapid transformation of 2D spatial data into
3D urban models. By using procedural modeling techniques, it is possible to realistically visualize the 2D geographic
information system (GIS) data that contains the required attribute information. The biggest advantage of procedural
modeling technique is; using attribute data which is stored in vector data to reproduce the model as needed. The aim of
this study is to present the contributions provided by the use of procedural modelling technique in 3D city modelling.
Based on the study, 3D building models, which are the most basic component of 3D city models, are produced by using
a new database schema and procedural techniques developed for this purpose. In addition, examples of how building
models can be produced at different levels of detail are presented, and the advantages and disadvantages of using
procedural modeling techniques as an alternative to aerial surveying methods are discussed.
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INTRODUCTION
Digital maps with 2 and 2.5 dimensions have been effectively used in the field of cartography since the computer aided
design technology came in to use. The use of those digital mapping technologies certainly contributed to fully
developed traditional theory and practice of cartography. However, emerging visualization and modelling technologies
extend cartographic vision by providing new challenges together with the great opportunities of latest developments on
3D modelling and visualization. Many sectors, in particular public and local administrations, require using digital maps
as a base in many new applications in the field of smart city planning. As a result, the need for effective use of spatial
data is increasing day by day in many studies such as urban planning and city management (Kemec et al., 2007; Erving
et al., 2009; Albrecht and Moser, 2010; Moser et al., 2010;; Silva et al., 2018).
As the processing capacities of computer technologies increase, demand for the fast production of up-to-date 3D models
increase. This situation triggers the use of high-tech measurement devices such as satellite or aerial camera, which are
primarily used for relatively fast measurement of the data in large extends, for producing the data to be used for 3D
modelling. However, even high-tech devices are used for this purposes, it is not always possible to produce up-to-date
three-dimensional data at the required temporal and spatial resolution. Particularly producing 3D spatial data of a large
city as a whole, the complete process is still time consuming. The data obtained due to such production process are
never up-to-date since they practicaly reflect a physical reality frozen at one certain time point (Fan et al., 2008). As an
example, although the use of measurement techniques as light detection and ranging (LiDAR) has steadily increased, it
still takes a certain time to process the data collected across the city in a comprehensive manner (Weissenberg, 2014;
Yastikli et al., 2017). Despite the development of new software that automates some stages of production process,
human intervention may still be needed for the regulation and control of the resulting products. These regulation and
control studies are also processes taking a certain period of time (Ennafii et al., 2019).
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Although many methods can be used in digital data production including the latest technologies, all of the data obtained
is rapidly aging (Han et al., 2008). For this reason, with some studies carried out in recent years, procedural modeling
technique, which enables the production of a three-dimensional city model from existing two-dimensional spatial data,
has also emerged.
Detailed three-dimensional models can be produced with procedural methods from two-dimensional spatial data
containing required attribute data (Merrell & Manocha, 2011; Weissenberg, 2014; Dobraja, 2015; Adão et al., 2016;
Biljecki et al., 2016;). With the help of procedural modeling, three-dimensional model production can be performed
dynamically using the attribute information in the vectorial data held in digital environment. In this way, instead of
storing the whole model in a digital environment, only one polygon and a procedure for how the entire model can be
produced from that polygon are stored. Thus, the data size decreases and performance is increased. In addition, as the
three-dimensional model production is carried out with procedural algorithms, many drawing errors that may arise from
the operator are prevented (Biljecki et al., 2016). With procedural modeling, the most ideal three-dimensional model
can be produced when needed, using a minimum number of polygons.
Currently, researches on 3D city modeling are mostly performed by institutions and universities working in the fields of
photogrammetry, remote sensing and cartography (Brenner et al., 2001; Flamanc and Jibrini, 2003; Tunc et al., 2004).
Several studies including urban transformation, change detection, renewable energy source managament, city skyline
conservation, disaster managament and noise mapping are currently carried out more accurately by the use of available
3D city models (Sengul, 2010; Aliaga, 2012; Prandi et al., 2013; Prandi et al., 2014; Biljecki et al., 2016; Padikli et al.,
2017; Slade, 2018). Thus, many studies planned to be carried out in the city can be tested by computer simulations and
possible results can be predicted. The effects of the large structures planned to be built on the environment can be
calculated and different measures can be taken to prevent unwanted situations that may occur before they occur. In the
smart city management approach, these and similar decision support systems can be realized using 3D city models.

DATA AND METHODS
3D Data Standards
There are certain levels of detail (LOD) that are widely used in 3D city model production studies and have been
accepted as standard by Open Geospatial Concorsium (OGC) in the world. Building models can be defined and stored
at different levels of detail using these LOD levels, which are also shown in Figure 1. In this way, it is possible to use
the model at the level of detail that is more suitable for the purpose of that study in different studies.

Figure 1. LOD levels defined in OGC City Geography Markup Language (CityGML) Encoding Standard (OGC 12019) project document (source: Karlsruhe Institute of Technology (KIT), courtesy of Franz-Josef Kaiser)
All data obtained by remote sensing technologies such as satellite images, aerial photogrammetry and aerial LiDAR are
mainly based on the principle of determining the roof edge line of the building. Three-dimensional building models are
created by reflecting the three-dimensional roof model data obtained in this way to the surface of the land. While
building the building model from the data obtained from the air due to the production logic, the distances between the
roof and the facade are ignored as the roof edge lines are often taken as basis. This problem can be solved to a certain
extent by using a higher number of high-overlay oblique images, lowering the GSD value and additional terrestrial
measurements in the required areas. However, these methods cause both production costs and production time to
increase significantly. For this reason, in LOD2 level building models which is produced from the data obtained from
the airborne systems, there is generally no “Roof Overhanging Parts” produce.
However, there are two important parameters for LOD2 building model level in the OGC City Geography Markup
Language (CityGML) Encoding Standard (OGC 12-019) project document (Gröger et al., 2012). The first is the value
of "> 4 * 4m / 2m" specified in the "Generalization" clause. It states that details smaller than this value can be
generalized and not shown in the model. As a result, data larger than this value can be stored at the LOD2 detail level if
they are available. The second is the description of “Yes, (if known)” in “Roof Overhanging Parts”. Similarly, if the
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distance between Roof and Facade can be determined by the measurement method used, LOD2 can be stored in the
level of detail. These are very important details that must be known to create a 3D building model that complies with
OGC standards.

Method
When using the procedural modeling technique, firstly it is necessary to identify procedures and a partially long coding
process. Considering the classical three-dimensional modeling studies, this period may seem unnecessary and excessive
at the beginning. However, after the procedures are determined and coding works are completed, it takes seconds to
produce a comprehensive model. Afterwards, any number of buildings can be modeled, changes desired to be made on
the design can be reflected on the models and updated in seconds. This makes procedural modeling a faster and more
convenient solution for modeling studies in large areas.
In this study, first of all, the required attribute data is determined for the realization of the procedural production. At this
stage, the Building Database, where the graphic objects are stored, is created using the attributes determined. Then,
with the developed code, 3D building models with LOD0, LOD1 and LOD2 detail levels are produced from these data.
The process of the 3D city model used in the study carried out and the stages followed are shown in Figure 2.

Figure 2. Work Flow Chart

IMPLEMENTATION
As the implementation of this study Building Database schema was designed based on the requirements of procedural
modelling technique. Afterwards, a 3D city model of Istanbul Historical Peninsula region was produced by using this
database and procedural modeling method using coding developed within the scope of the study. Procedural modeling
algorithm was developed using the Computer Generated Architecture (CGA) programming language provided by ESRI
(Zupan et al., 2018).

Building Database Schema Design
First of all, the required attribute data was determined for the realization of 3D architectural model production. At this
stage, the design of the “Building Database” was also provided. Attribute fields to be considered in 3D modelling were
also determined for ensuring the multiple production with different levels of details as "Basic" and "Advanced".
It is possible to produce LOD2 models with a level equivalent to 3D models obtained from techniques such as aerial
photogrammetry and aerial LiDAR using Building Footprint data and attributes specified as "Basic" in the database. By
using the attributes determined as "Basic", it was aimed to create only a simple mass model of the building. By using
additional attribute data called "Advanced", the parts of roofs and facades can be produced in three dimensions in a
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more detailed and closer way as possible as they actually are. Moreover, the models produced in this way were both
produced in more detail and created in accordance with current LOD2 standards. Basic and Advanced attribute
information was given in Table 1.
Table 1. Attribute data used in the production of procedural 3D city model.
Building Attribute Data
Basic Attributes
Advanced Attributes
Building Height
Building Entrance Floor Height
Building Color
Roof Overhanging Parts
Roof Height
Front Facade Extrude
Roof Color
Back Facade Extrude
Roof Type
Right Facade Extrude
Roof Front Slope Angle
Left Facade Extrude
Roof Back Slope Angle
Roof Right Slope Angle
Roof Left Slope Angle

Creating Basic 3D Building Model
After the Building Database schema was created by determining the required attributes for procedural modeling, it was
ensured that 3D building models with LOD0, LOD1 and LOD2 detail levels were produced using this database. LOD0
building data can be stored as either a building floor area or a roof border as standard. In the study carried out, LOD0
was used as the Building Footprint area as it is more commonly known. LOD1 data was produced procedurally using
the building height value from the Building Footprint data. The basic roof models were produced which are widely used
in Turkey, using "Building Height, Building Color, Roof Height, Roof Color, Roof Type, Roof Front Slope Angle, Roof
Back Slope Angle, Roof Right Slope Angle, Roof Left Slope Angle" values. Thus, a data equivalent to LOD2 data
obtained from airborne measurement techniques was produced procedurally.

Figure 3. Basic LOD0, LOD1 and LOD2 building models produced similar to models obtained by remote sensing
methods using procedural techniques

Creating Advanced 3D Building Model
It is possible to produce more detailed 3D models in accordance with the generally known LOD2 standards by using the
attributes stored in the Building Database and designated as "Advanced". In Turkey, while the buildings are designed,
according to the architectural plans, some facades can extend to certain direction after the first floor. This situation,
which is carried out in accordance with the "Zoning Law" and other regulations, is made for the purpose of obtaining
more usage areas on the floors after the first floor and is applied widely in most buildings. Since it is not possible to
measure and model these sections in the data obtained from the air with remote sensing and photogrammetric methods,
such details on the building facade, such as roof lenght details, are also ignored when building the LOD2 building
model.
However, if the details of these sections in the buildings are stored as attributes in the graphic data, it is possible to be
produced by the procedural modeling method. The basic roof models were produced which are widely used in Turkey,
using "Building Entrance Floor Height, Roof Overhanging Parts, Front Facade Extrude, Back Facade Extrude, Right
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FacadeExtrude, Left Facade Extrude" values. In this way, a much more detailed building model than LOD2 data was
obtained from airborne measurement techniques can be produced purely procedurally.

Figure 4. Advanced LOD2 building model produced using procedural techniques

Test Study
At this stage, 3D city model production was tested using the procedural modeling method using the Building Database
schema designed within the scope of the study. For this purpose, OpenStreetMap (OSM) data was used as 2D GIS data.
The OpenStreetMap project, which started to be developed as a map that everyone can freely access and use within the
scope of a project launched in England in 2004, has become a spatial open data platform widely used by many people
today (Haklay and Weber, 2008; Ünen, Yılmaz and Güngör, 2013).After building footprints data was obtained from
OpenStreetMap in this way, all existing attribute information in it was deleted. After that, the lean building footprints
data obtained was transferred to the Building Database schema designed within the scope of the study. Naturally, that
vector data do not contain any attribute information yet. A representative city data was obtained by randomly filling the
empty attribute values with the possible values to be used in the test study.
The test study was carried out in two stages. In the first stage, the LOD2 city model, which is widely used, was
produced by using the attribute data defined as Basic. In the second stage, the feature data determined as Advanced,
which were determined within the scope of the study, were used. With these data and procedural modeling method, a
more detailed 3D city model has been produced in accordance with LOD2 standards. The results of two different
productions were presented in Figure 5.

Figure 5. Procedural modeling (left) at basic LOD2 level, advanced LOD2 procedural modeling (right) including roof
and facade details.
Procedural model production was performed on a machine with 64-bit Windows 10 operating system, Intel Core i78700K CPU, 3.70Ghz, 64GB RAM, 2x 8GB GDDR5x Nvidia GeForce GTX 1080 graphics card configuration. 3D
building models with LOD0, LOD1 and LOD2 detail levels were produced by using the Building Database containing
the required attributes for procedural modeling and footprint data of 45457 buildings. Production times are presented in
Table.2.
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Table 2. Time spent to create 3D building models with procedural modeling technique.
Type
Basic Solid Model
Advanced Solid Model

Quantity
45457
45457

LOD0 (sec)
0”
-

LOD1 (sec)
8”
-

LOD2 (sec)
16”
26”

An advantage of the 3D model production procedure is that the building color values can be assigned automatically to
the created models. Since building color and roof color values can be stored in the database schema designed within the
scope of the study, the building models produced can be visualized much closer to the reality. All buildings created in
this study were assigned random color values within the scope of the test study. Building models with roof and facade
coloring were shown in Figure 5 and Figure 6.

Figure 6. Procedural modeling (left) at basic LOD2 level, advanced LOD2 procedural modeling (right) including roof
and facade details.

CONCLUSION AND DISCUSSION
Within the scope of this study, 3D city model of Istanbul Historical Peninsula region was produced in two different
ways by using 2D spatial data and procedural modeling technique. Thus, it has been shown that it is possible to quickly
and easily produce the 3D models of cities at the desired level of detail by storing the building footprint data and some
attribute information of the buildings.
In the first stage, the basic level LOD2 models were obtained by using procedural modeling method. Nowadays, the
basic level LOD2 models are generally produced costly and time consuming remote sensing methods. However, within
the scope of the study, equivalent models could be produced procedurally using the building database schema..In the
second stage, a more detailed LOD2 level modeling, which is much more difficult to obtain by remote sensing methods,
was realized. Fully procedural techniques were used in the production of both models.
With this work; a very fast and low cost production method, which can be used as an alternative to existing 3D
modelling techniques based on overcosting data acquisition and processing operations, was presented. In addition, this
study demonstrated the efficiency of procedural modelling on producing LOD2 3D models with the same and even
higher level produced by traditional methods. Today, 3D visualization and analysis of data has emerged as a new field
of study. Many complex situations can be modeled using advanced spatial analysis and dynamic simulations
(Aalbersberg et al., 2014). Many disciplines have been working in this field in recent years and are closely interested in
3D data. With the widespread use of virtual reality (VR) and augmented reality (AR) technologies, the visualization and
experience of spatial data in geographic information systems in three dimensions will be a frequently encountered and
needed field of study in the near future.
Using the prepared digital twin, it can be carry out many planning, design, analysis and simulation studies at a city
scale. In this study, the test data adapted from free and open sources were used through the new designed database
schema. The study presented the usability of data from open soruces in 3D modelling with in the constaints of required
accuracy. When the described method is applied with official and more sensitive spatial data held by public institutions
and local governments, higher precision results will be obtained. The priority is to create smart city awareness in local
and central governments. Than, it will be possible to obtain a much higher efficiency with much lower costs by reevaluating the spatial data available to public institutions and by developing data storage systems.
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