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Abstract 

Nowadays, while 3D city reconstruction has been widely used in important topics 

like urban design and traffic simulation, frameworks to efficiently model large-

scale road network based on data from the real world are of high interests.  

However, the diversity of the form of road networks is still a challenge for 

automatic reconstruction, and the information extracted from input data can highly 

determine the final effect to display.  

In this project, OpenStreetMap data is chosen as the only input of a three-stage 

method to efficiently generate a geometric model of the associated road network 

in varied forms. The method is applied to datasets from cities in the real world of 

different scales, rendered and presented the generated models on Unity3D platform, 

and compared them with the original road networks in both the quality and 

topology aspects. The results suggest that our method can reconstruct the features 

of original road networks in common cases such as three-way, four-way 

intersections, and roundabouts while consuming much shorter time than manual 

modeling in a large-scale urban scene. This framework contributes to an auxiliary 

tool for quick city traffic system reconstruction of multiple purposes, while there 

still being space of improvement for the modeling universality and quality of the 

method. 
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Sammanfattning 

3D rekonstruktion av städer är ett viktigt ämne inom urban design och trafikt 

simulation, ramverk för att effektivt modellera stora vägnätverk baserat på data 

från den fysiska världen är mycket eftertraktade. Den stora mångfalden av 

vägnätverk gör automatisk rekonstruktion svår, och informationen från indatan kan 

ofta bestämma den slutliga effekten som ska visas.  

I detta projekt används OpenStreetMap data som indata till en metod i tre steg för 

att generera en geometrisk modell av vägnätverk i olika former. Metoden 

appliceras på dataset från riktiga städer med olika storlekar, resultatet presenteras 

som modeller i Unity3D, slutligen jämförs dem med  de ursprungliga väg 

nätverken både ur kvalitativa och topologiska aspekter. Resultaten tyder på att 

våran metod kan rekonstruera features av ursprungs nätverk i vanliga fall så som 

trevägskorsningar, fyrvägskorsningar och rondeller på mycket snabbare tid än vad 

det tar att manuellt modellera storskaliga urbana sener. Detta ramverk bidrar med 

verktyg för snabb rekonstruktion av stads trafik system till olika syften, det finns 

fortfarande rum för förbättringar för universaliteten och kvaliteten av metoden. 
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Chapter 1 

Introduction 

 

1.1 Motivation 

With the rapid development of computer information technology, 3D visualization 

has been applied in fields of increasing number. Meanwhile, roads in different forms 

compose large traffic networks that form into the arteries of modern human society. 

Many computer applications in domains like traffic simulation and video games 

require extensive modeling work on road geometry. Those applications usually 

require realistic-looking road models which have high morphological similarity to 

roads in the real world. In entertaining city-building computer games such as Cities: 

Skylines1, generating a large-scale city scene usually occupies many space resources 

in computer memory. And in practice the range of urged road network is relatively 

broad, manually modeling them could be time-consuming. Besides, professional 

urban design software like CityEngine [1] can automatically generate large-scale 

road networks with the perfect visual effects, but the products serve as a professional 

tool for specialists in urban design, and the codes are not open-source. 

 

Figure 1.1: Road networks modeling effect in (a) Cities: Skylines and (b) CityEngine  

Thus, a method to automatically and efficiently generate the urban roads geometric 

model based on real-world data is still a point of interest, in order to save time and 

labor for people who need to focus on more valuable works and to reduce the access 

load for associated computer applications.  

Geographic Information System (GIS) is the most popular source in data-based 

urban roads reconstruction. GIS data of road networks are not used for providing 

                                                   

 
1 Colossal Order, [Video Game]“Cities: Skylines.” Paradox Interactive, 2015. 
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good visual models. Hence, the visualization of GIS is also a point of interest. In 

previous open-sourced projects, there are many studies on GIS-based urban 

reconstruction on various platforms. While goals of those projects are varied, road 

networks are usually represented in lack of details but just crossing strips. In cases 

where the high-fidelity reconstruction of roads is concerned, the input usually 

requires multiple datasets of different sources and formats, especially the GIS raster 

data. All of these factors bring more difficulties in preparing the data and the 

environment to people in related fields. Nonetheless, the number of light-weighted 

3D visualization frameworks is limited, while in many cases, people do not pursue 

a high-fidelity reconstruction and do not have access to either high-precision 

database or license to expensive GIS modeling software. Hence, excavate the 

potential of data-based road modeling with plain inputs became the primary interest 

of this project.  

 

 

This project aims at a framework for automatically building up a relatively large-

scale road network’s geometry with simple OSM (OpenStreetMap) data as input. In 

this project, widely used road modeling methods are modified and applied on the 

Figure 1.2: (a) the street aerial view in Google Earth, (b) the OpenStreetMap data 

displayed in JOSM, (c) the reference lines represent the associated road network 

we processed in our project, (d) the road network geometries we generated based 

on the data above. 
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processed OSM data, and a naïve approach came up to model road intersections. 

After which the meshes of roads and their intersections were modeled separately. 

Finally, the realistic-looking models of road network based on the data from maps 

of different cities were rendered and displayed on Unity3D. A schematic process of 

this work is shown in Figure 1.2. This method is run on different datasets, and the 

results manifest acceptable geometric quality intuitively. While it is still a challenge 

to get a statistic result for evaluation, this work comes up with a naïve method to 

compare the topology of the generated geometric models with the original road 

network. The performance test demonstrates that this method is efficient in building 

a large number of roads in different cities.  

1.2 Research Goals  

Since there has already been some excellent applications in reconstruction a large-

scale urban model with sufficient research resources and multiple input data 

including raster maps, this project does not aim at the absolute fidelity and realism 

of the results. Instead, this work commits to focus on the methods to efficiently 

excavate the geometric relations inside a vector dataset and revert the topological 

structure of the road networks with necessary details. Regarding the primary interest 

of light-weighted application, the input data is settled as OSM XML data, and the 

required results could be relatively visually simple. 

However, the pattern of road networks in the real world can be diverse. While the 

OSM data do not explicitly reveal the geometric relations between the components 

inside a road network, to reconstruct the road network of different cities, algorithms 

to dig out the spatial information inside the datasets, make out the geometric relation 

between members, and generate correct geometric models are purposed. Building 

geometric model for road section based on the axis extracted from OSM XML file 

is not difficult, however, without intersections the road section models can be either 

overlapping or disconnected, the result would be a group of independent geometries. 

Hence, the method focuses on the intersection generation, which stably outputs 

correct results in cases where the form of intersecting roads are varied and finally 

gives an integrated road network model.  

The research question could be concluded with the following description: 

Research question: How to convert an OpenStreetMap dataset to a realistic-looking, 

clean, and consistent 3D geometry of the road network? 

In details, this work commits to building a framework to generate the geometric 

model of road networks only based on data, the models are supposed to become a 

part of the urban scene, thus the work should follow the principles below: 
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1. Using OSM dataset instead of any preset digital geometry models as input and 

outputted a geometric model of the 3D road network which has the same 

topology as the original map. More concretely, components in the generated 

network should be successfully built and preserve their adjacency relations. See 

Section 3.1 and Section 3.2 for the steps the method takes to determine and 

divide the input road network. Also, see Section 4.1 for the definition and results 

of the topology evaluation in this work.  

2. The generated road models should be realistic-looking. In principle, the result 

should not merely be a composition of overlapping geometries, but an integrated 

model whose components are seamlessly combined. Especially when the road 

width and direction angle changed the associated components in the result 

should still in the right combination. Also, the geometries should be continuous 

and flawless. Modeling steps are described in Section 3.3 and Section 3.4. 

Images of results can be seen in Section 4.2. 

3. The method should be efficient. (compare to manual modeling), in other words, 

the time to generate purposed models should be relatively short. The running 

time results are presented in tables in Section 4.3.  

Besides, in related fields, there is not a standard evaluation method to assess the 

road network modeling results. Most of the works merely compared the generated 

models with top-down view images of the original road network for an intuitive 

comparison. It is still a challenge to pursue a statistic evaluation on the geometric 

models in this project without advanced analyzing tools.  

Delimitation: 

Due to the limitation on time and resources, there are delimitations on this work: 

Since the type of roads only influent the size and texture of the purposed model, this 

work only focuses on modeling roads which is defined as “primary”, “Secondary”, 

“residential” and “tertiary” highways in the input OpenStreetMap data. The 

reduction in the number of roads to display will also bring better visual results in 

this report.  

Since the height information is absent in standard OpenStreetMap dataset, this work 

does not pursue to design a height estimation algorithm to build a stereo network 

which includes terrain and overpasses but has all the networks stick to the ground. 

Regarding the complexity of the real road network, this project is designed to 

automatically handle the most common cases, mainly, the three and four-way 

intersections, and roundabouts. Modeling complex traffic interchanges without 

errors is not necessary to achieve. 
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1.3 Intended audiences  

This work dives into the realms of computer graphic and urban design and aims at a 

light-weighted OSM-based road network geometries modeling framework. While 

the implementation is from the bottom to the top, the logic of the generation can be 

easily approached and modified according to the requirement of different 

requirements in related realms such as traffic simulation, crowd simulation, game 

development, and city modeling.   

Game developers might take advantages of this framework to build the necessary 

road networks quickly for a city scene. Urban or traffic designers can quickly 

generate the associated road layer in a massive urban modeling project with the 

assistance of this work. Primarily, individuals who need to convert OpenStreetMap 

data to visual geometric models can take this framework as a stand-alone tool and 

integrate it into their project to save the time of repeatedly modeling common cases 

like three-way intersections, four-way intersections, and roundabouts in a large 

scene. Also, further extensions on Unity3D can be easily added to achieve a more 

detailed road network model and better visual effect according to specific 

requirements. 

1.4 Outline 

Chapter 2 introduces the conception of GIS and related works on automatically data-

based city reconstruction. This section discussed the advantages of OSM data as 

input, referred generic methods to model road network from the mentioned projects 

and studies, and presents related projects in OSM-based road modeling. Besides, 

Unity3D is introduced as the platform where the work is conducted.  

Chapter 3 firstly describes the fundamental design principle of the modeling work, 

including the Node-Road-Map structure and the axis-based modeling. Then the 

chapter goes through how to preprocess the input data to meet the design principle, 

introduce the details of modeling and rendering meshes of the road section and 

intersection separately afterward. 

In Chapter 4, images of generated models, topology, and efficiency test result are 

presented. Based on which this chapter assesses the performance of the framework, 

and also discussed the unideal results with explanations. 

In Chapter 5, the advantages and weakness of this project are concluded based on 

the results and analysis in Chapter 4. The direction of further improvement of this 

project in both the implementation and evaluation are also discussed. 

Finally, Chapter 6 is the acknowledgment of this work.  
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Chapter 2 

Background  

 

This chapter introduces the previous works related to our implementation. Section 

2.1 mainly introduces the conception of geographic information system (GIS), and 

connect it to OSM XML files which is input in this project. In Section 2.2, some 

typical works of automatic road modeling are reviewed. Studies commit to 

converting vector data into geometric are varied, but few of them introduced 

OpenStreetMap data as the single input. Hence those who take GIS vector format 

data as input are the focus of this chapter. Their methods to build up road geometric 

representation are concluded after being briefly mentioned, which are the basis of 

the implementation in the next chapter. At last, Section 2.3 introduces Unity3d as the 

platform to build up the purposed models, in particular, the necessary elements to 

handle a Mesh representation in Unity3d is briefly explained, which is vital to 

complete the modeling. 

 

2.1 Geographic Information System   

A geographic information system is a data management system with professional 

forms of information systems space. In a strict sense, GIS is designed to centralize, 

store, operate, and display geo-referenced information.  

2.1.1 GIS Data 

GIS stores the real-world objects in the form of digital data, where real-world objects 

are abstracted into two different concepts: discrete objects and continuous objects. 

In general, the two different forms of the object are stored in GIS raster and GIS 

vector format separately.  

GIS Raster data 

Raster data consists of rows and columns that hold different value storage units. 

Raster data can be used to represent an area or to represent a real object. Similar 

to a grid image, the appropriate color is applied on it, and the value recorded by 

each unit may be a taxonomy, a continuous value, or a null value recorded when 

the data is absent. The resolution of a raster dataset depends on the grid width 

of the ground unit. Typically, in GIS, the raster data are digital aerial 

photographs, imagery from satellites, digital pictures, or even scanned maps. 



 

7 

 

A common use of raster data in a GIS is serving as a base map where other map 

features laid on. In the field of GIS-based road network reconstruction, the raster 

images from aerial, satellite or radar usually get amply applied in previous 

works to be mentioned in Section 2.2. 

GIS Vector data 

Vector format is another basic data type in a GIS system which is closely 

associated with map features and describes map objects by shapes. The vector 

data present shapes with points, polylines, and polygons with holes, more 

advanced shapes like curves or 3D shapes are not common.   

In vector data, shapes are accompanied with attributes. For instance, a single 

road in a typical GIS vector data file is represented as a polyline, along with the 

attributes “highway”, “lanes”, and “highway level” etc. which claim that the 

polyline stands for a highway with a certain number of lanes and has a certain 

function in the real world. 

However, comparing to raster data, vector data does not explicitly indicate the 

information on objects’ neighborhood, thereby feature extraction methods or 

additional information are needed when one is seeking meaningful models. On 

the other hand, vector data are also more abstract, which means a loss of details. 

For instance, a 2D polyline would be classically used to represent a road; the 

road is already simplified and abstracted hence usually one can only offset the 

polyline to both sides to create a strip shape given the road’s location and width.  

While vector data are not regular for direct visualization, the attributes usually 

provide necessary information on objects’ neighbors. Therefore, one will have 

easier access to the topology structure of the given vector data and also be able 

to create the correct model for the data. For instance, axes of two roads are 

distinguished by the name attribute and also their intersection node is marked. 

Hence one can connect all the nodes belong to each road correctly and finally 

reach the distinct road network. 

2.1.2 GIS Tools 

The current GIS has a mature development ecology, GIS tools like PostGIS, ArcGIS 

is significantly important to researchers in domains like geographic science and 

urban design. Since GIS data are usually handled by database tool, these tools 

provide strong supports on database operation which also bring the potential for 

visualizing the GIS data. 
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GIS data visualization is a topic of high interests. The mentioned GIS tools can 

provide basic visual effects of map objects and also interfaces for developers to get 

the processed data and transfer them to their visualization projects. Therefore, typical 

GIS-based modeling pipeline usually takes advantage of GIS tools to easily handle 

the raw GIS data at the first stage and start geometric modeling afterward. 

 

2.1.3 OpenStreetMap 

OpenStreetMap, founded in July 2004 by Steve Coast, known as the most 

comprehensive open-sourced map, encompasses a wealth of geographic data, 

offering people many conveniences in geography planning, spatial syntax, analysis, 

and planning. The OpenStreetMap Foundation was established to encourage the 

growth, development, and distribution of free geographic data and to provide 

geographic data to everyone for using and sharing. 

The content contained in the OpenStreetMap is succinctly based on its published 

classification system. OpenStreetMap data describes street features (e.g., roads, 

infrastructures or buildings) using tags attached to it. Its primary data structures 

inherited from the normal GIS vector format and represented as nodes, ways, and 

relations. In other words, OpenStreetMap data can be regarded as a subset of GIS 

vector data. Besides, the tags are used to specify the attribute of each of these data 

elements [2]. Considering the relation to our work, the roads are represented by 

“ways” consist of nodes with longitude and latitude information inside, while the 

tags of ways are usually used to specify the type and function of each way.  

In conclusion, OpenStreetMap data can be considered as processed GIS vector data 

which can help skipping the procedure of being an expert in GIS tools operation. 
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OpenStreetMap XML data format  

 

In OpenStreetMap, the OSM XML2 data format provides a distinct structure 

formed by way objects and node objects. Node objects provide the geographic 

spatial information includes longitude and latitude in the World Geodetic 

System (WGS) 84 Datum at a certain point, while way objects are formed by an 

ordered sequence of nodes that describe the spatial positions its path goes 

through (Figure 2.1). Un-closed way objects usually present a line (e.g., 

highways and paths) and closed way objects form up a polygon (e.g., buildings 

and parks). Despite another data type named relations, in this project, we only 

focus on the node and way objects that contain sufficient information to 

reconstruct the road network in a city. 

Apart from the geographic coordinates inside node objects, OSM features are 

also indicated by tags attached in each element. For instance, the figure 2.2 (a) 

below manifests a node object and a way object separately presented in XML 

format; the figure 2.2(b) displayed the visual representation of an XML file on 

JOSM. 

The OpenStreetMap tags use key-value pair structures to present the 

information. The key defines the type of information, and the value provides the 

details. For example, the node object in figure 2.2 (a) has two tags which 

indicate that the node represents an amenity; in particular, it represents a school 

named “Tyska skolan”. Meanwhile, the way object has two nodes whose IDs 

are “180194316” and “180194314”, and the tags of the way indicates that the 

way object is a one-way highway named “Eriksbergsgatan” on a bridge, etc. 

                                                   

 
2 Extensible Markup Language, abbreviated XML, describes a class of data objects called XML 

documents [27]. 

Figure 2.1 The tree structure of OSM XML file (Way objects are not strictly 

ordered while the node objects in the same way object are invariably sorted in 

spatial order) 
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Figure 2.2 OSM XML file objects presented in text (a) and visualized by JOSM (b) 

 

2.2 Related Works  

2.2.1 General visualization pipeline  

In typical data-based visualization pipeline [3], after acquiring data from databases, 

to create interactive objects the raw input data must get filtered, mapped to 

renderable representation and finally rendered to geometric models where 

interactions rely on figure 2.3.  

 

Figure 2.3 The general data-based visualization pipeline 

In our project, the OpenStreetMap database serves as the data source; the filtered 

data with one extraction step becomes nodes and roads that composed of the skeleton 
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of our modeling work. Then, the nodes and roads are mapped into the geometric 

representation of road sections and intersections meshes which are the road network 

geometry. Finally, necessary textures are added to the meshes to give a visual result. 

2.2.2 Automatic road modeling  

City has been an object of high interests in automatic modeling domain for a long 

time. As a complex object, the city consists of many different components such as 

buildings and facilities, but roads are invariably the critical part of the modeling 

work because all of the other components are connected, divided and surrounded by 

roads. In particular, roads are the backbones of the whole city’s model structure.   

In Parish’s seminal work on procedural modeling (Parish, 2001 [4]), procedurally 

generating the road network pattern by L-System algorithm was came up to provide 

the layout of a city. However, the result relies highly on the given initial condition 

of the object city, which makes it challenging to adopt. In other works on the control 

method such as Chen, 2008 [5], roads are presented in lines on a plane, which is 

lacking reality.  

At present, many of the works on constructing the road network geometric model 

are based on the combination of traditional modeling software and GIS software. 3D 

modeling software such as 3DSMax, Multigen Creator, etc. can receive vector data 

processed by GIS software, drawing and rendering models, and generates real three-

dimensional road network geometric models with a strong sense of reality and high 

precision of recovering the original roads in the real world.  

The preliminary goal of this project is to automatically reconstruct the 3D virtual 

geometric model of road networks with GIS data, which already has numerous 

works to refer. However, the hybrid modeling methods above could take a long time 

to get started; the data querying and processing is usually complicated and lengthy. 

As mentioned in Section 1.2, this project targets a concise, intuitive and geometric-

oriented road reconstruction method thereby this work finally choose OSM XML 

data as a more straightforward mature input, while the previous works on GIS-based 

modeling still have a high value to referring. 

 

GIS-based road modeling 

There are limited related data-based road reconstruction projects takes OSM 

XML data as the single input. However, the OpenStreetMap database is built on 

GIS vector data, to find out an appropriate geometric representation of the road 

network in our project, GIS-based road modeling works that utilized vector data 
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should be concerned. 

Works on GIS-based road reconstruction are various, researches such as Smelik, 

2011 [6] and Joling, 2017 [7] have illustrated the general procedure of automatic 

city modeling, which included road generation. These methods rely highly on 

the decision from the designer at the very first stage instead of calling for data 

input directly.  

There are many specialized studies concentrate on the automatic road modeling, 

in Nguyen, 2014 [8], splines used for representing 3D road paths are generated 

based on GIS database, and in Galin,2010 [9] where a weighted shortest path 

algorithm is implemented to automatically generates roads between two 

arbitrarily selected points in a given input scene. The built roads in these projects 

are represented by smooth piecewise curves, which is a composition of polylines 

and arcs. The result is demonstrated to be sufficient and effective to present an 

excellent abstract representation of road. However, the outputs are still expected 

to be extended to a 3D scene containing geometric models, which are necessary 

for handling simulation and design works. 

 

   Road network geometric representation 

In Jie Wang’s work of automatically producing 3D road network models from 

2D GIS data (Wang, 2014 [10]), the 2D road axis was extracted and used as the 

basis to produce high-fidelity 3D geometries. Civil engineering rules are 

introduced into the road design and determine various parameters of a road. 

Although this work has never been directly implemented on OSM data, the 

process of 3D road axis segmentation and modeling is proved to be effective.  

Afterward, Remi Cura designed an automatic street reconstruction framework 

named StreetGen (Cura, 2015 [11]) to procedurally model a comprehensive 

street view and adapt it to reality by observation methods. Although it takes extra 

raster maps as auxiliary and corrects the edges of models based on which, the 

vector data still forms the skeleton of the road network. 

In Wilkie, 2011 [12], the extensive scale of models of road paths can be generated 

in a few minutes based on the processed GIS road network data. This work 

presented a more generic data presentation for road network presented in GIS 

vector format and came up with a way to produce smoothed arc roads from 

polylines.  

All of the three works mentioned above give similar road network geometric 

representation via a similar process. The network is divided into more basic 
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components, usually roads and their intersections. The roads are represented by 

polylines, and intersections are described as irregular polygons with 

modification on the corners according to different requirements.  

Among the works above, the generated results are all much beyond the research 

goal of this project as they take much more resources to get their method 

implemented. This project only targets a plain modeling effect as mentioned in 

Section 1.2. Therefore, this report focuses on a few necessary parameters and 

simplified representation based on these works. 

 

Road section modeling:  

The geometric structure of a road section is usually straightforward, previous 

researchers did not spend much efforts to conclude a uniformed method for road 

sections modeling. However, the suitability of the road section geometry 

regarding the whole strategy of our project is still an indispensable focus since 

the method must consider matching the intersection and section without gap or 

overlapping. 

Section 2.1 reveals that in OSM XML Data a single road section is stored in an 

ordered series of discrete node objects, while all of the works mentioned above 

demonstrate that centerline-based modeling is the most adaptive method 

concerning this form of organization. The centerline-based modeling means 

reconstructing the road geometry based on the centerlines of each road. 

Moreover, road width is necessary to get the offset from centerlines to road 

edges, which is important to define the road surface.    

In GIS raster-based modeling, the road width can be directly extracted from the 

edge of the road on the image. However, in GIS vector format data, especially 

in OpenStreetMap data, the width of a road is usually not explicitly given. A 

common method to set the width is to refer the civil engineering rules such as 

the traffic design standards of the country. For example, in Wang, 2014 [10] the 

geometric road parameters are mainly based on AASHTO3.  

Besides, to model the corner around the intersection, primary hypotheses are 

proposed to estimate the radius of the conjunction on the corner of intersections. 

In StreetGen, the turning radius r comes from an empirical function f(s)->r 

where s is a given driving speed of the road that vehicles go through. The 

                                                   

 
3 American Association of State Highway and Transportation Official (AASHTO). A policy on 

geometric design of highways and streets. Washington (D.C.); 2004. 
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method is also adapted to estimate the turning radius along an arc road, where 

g is the gravity acceleration, 𝜇𝑠 is the friction coefficient, and r is the radius 

(of a purposed arc), 𝑣𝑚𝑎𝑥 is the highest velocity achievable on the arc without 

slipping” set in Wilkie, 2011 [12]:  

 r =  
vmax

2

μsg
  (2.1) 

Arc Road method:  

Intuitively, roads with a smooth turning look more realistic. Although the design 

principles can be varied among the many potential application scenarios of the 

intended framework, it is safe to set a hypothesis that arcs are welcomed to give 

a C1 continuous smooth edge to substitute the sharp turning of a road. Besides, 

in most existing works, the roads are simply represented by rectangle strips 

without any arcs on the turning.  

To pursue a more authentic sense of the models’ visual effect and commit to 

generating a road model with necessary arcs, in all of the three works above a 

method based on J.Sewall’s work [13] is implemented. The method provides a 

way to produce arcs at turnings by calculating inscribed circle on each turning 

along a given polyline considering the turning radius. However, the radii along 

the given road usually meet the fitting problem, and the author’s hypothesis 

regarding the fitting algorithm is not reasonable in our perspective. Therefore, 

this work abandoned this method.  

 

Intersection Modeling:  

Methods of intersection generation in a network are limited in number. The 

mainly focused method is illustrated in [10], [12], [14]. In summary, after the 

road sections are generated, the traditional method of intersection modeling 

usually runs in the way shown in figure 2.4. However, to determine the irregular 

edges of the intersection area, the previous projects usually take extraction 

methods to detect the border arc from aerial and satellite images. The features 

extracted from the images then enhance the modeling details at the intersection 

area.  
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Figure 2.4: The typical intersection modeling process concluded from the works 

mentioned in this section. (a) the original intersecting roads; (b) overlapping and 

indentation area get erased; (c) connect roads with a new intersection area which 

matches the conjunction with roads around and provides appropriate turning arcs on 

the edges 

Regarding the intersection area in figure (c), the edges are determined by the 

connected roads. The straight edges are the border to distinguish the roads and the 

intersection area, which can be defined according to different hypotheses. The arc 

edges are also defined by different methods according to the purpose of the 

application. Nonetheless, all the three demonstrated reconstruction works mention 

above implemented the same arc generation approach at the first stage of their 

modeling, which is illustrated in figure 2.5: 

 

Figure 2.5: The illustration of edge curve generation at a corner of an intersection in 

Wang, 2014 [10] project, the angle represents two intersecting roads. The turning 

radius at this angle was set based on the same equation. Given the radius and road 

width, the inscribed circle of this corner can be calculated thereby the arc can be 

generated. More details can be seen in Section 3.4. 
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2.2.3 Existing OSM-based 3D Urban/Road Generators 

There are not many papers on utilizing OpenStreetMap data as input to rebuild cities. 

On the Internet, the demand for high-fidelity modeling from the organization-level 

or government-level traffic simulation service determined that the majority of 

distinguished city modeling projects are based on the GIS database. Nonetheless, 

developers in related fields still released smaller projects which involves 

OpenStreetMap services.   

OSM2World  

OSM2World is a typical OpenStreetMap visualization tool based on OpenGL to 

convert OSM data into three-dimensional geometric models which contain basic 

elements such as roads, buildings, and infrastructures in an urban. OSM2World 

is open-sourced and can be used at local or on a server as a library written in Java 

and supports different output model formats. As figure 2.6 displays, the generated 

roads are visually good but not flawless, road overlapping and the flickering 

textures in some area demonstrates that the modeling method is not perfect.  

 

Figure 2.6 A sample scene generated by OSM2World 

Eris CityEngine 

CityEngine is an advanced, multi-function urban-modeling software which has 

been applied in multiple fields. CityEngine allows users to create an immersive 

and detailed urban environment with the significant performance [1]. CityEngine 

accepts multiple data as input, including OpenStreetMap, and is able to generate 

3D models by its unique technique based on years of research on procedural 

modeling. As a commercial software, CityEngine is feasible to generate advanced 

and realistic urban scenes (figure 2.7), but the high price and closed sources make 

it not worthy in situations where people are not pursuing a large-scale and 

absolute real scene in their projects.  
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Figure 2.7 A modeling sample in CityEngine 

However, the mature framework of road modeling in CityEngine still provides a 

good reference for this project. The roads are generated based on their axes given 

by the OSM input road information and finally presented as rectangles connecting 

each other with an arc or in the form of Bezier Curve. The shapes compose the 

road intersections also inspired our methods of intersection modeling. And the 

output results in CityEngine from the given OSM input can be a useful reference 

to compare with and also help to improve the results of this method.  

2.2.4 Topology Evaluation  

There are not many common evaluation methods introduced in the previous works 

of this field. Particularly, the GIS vector data structure usually provides sufficient 

information about the connectivity among nodes and roads, the topology evaluation 

is not usually mentioned in their works. Instead, the general method of comparing 

the generated network models with the original roads is simply presenting the results 

with the reference images of associated roads in the real world [11], [12], [14], [21].  

However, works on comparing two different road networks in this project are still 

desired because intuitively compare the generated network geometry with the 

original road network is not sufficient to demonstrate the reduction is 

overwhelmingly done. In the available article of Ahmed, 2014 [22], to compare the 

disparity between road networks, three kinds of distance calculationno, which are 

Hansel and Gretel distance, Path-Based distance, and Local Homology-Based 

distance is introduced. While the methods are explained, the technical details to 

connect the calculation to the network structure are not specified. 

Hence, we turn to seek evaluation method inside image-based road network 

extraction projects where the topology similarity between the original roads (i.e. the 
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reference) and extracted roads is highly emphasized as decisive evidence of judging 

whether an extraction method works or not. In Christian Wiedemann’s work on 

automatic extraction and evaluation of road networks from MOMS-2P imagery 

(Wiedemann 1999 [23]), an evaluation framework is introduced in the formula 

below: 

 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑛𝑒𝑠𝑠 =
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  
  (2.2) 

 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑛𝑒𝑠𝑠 =
𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛  

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛  
  (2.3) 

The completeness represents the percentage of the reference network which could 

be extracted by the extraction method in the whole reference network, the range of 

completeness is [0,1] while 1 means the method correctly extracts all the elements 

in the reference network. 

The correctness represents the percentage of the correctly extracted road network in 

the whole extracted network, the range of correctness is [0,1] while 1 means the 

method perfectly reconstruct all the elements in the extracted reference network. 

Since the reference network, in this case, is also represented by point series, both of 

the reference networks and extracted networks are the approximation of the roads in 

the real world thereby the evaluation based on the length differences between them 

would be meaningless. In 2003, Christian Wiedemann gave an improved approach 

(Wiedemann, 2003 [24]) to do the external evaluation of the extracted road network. 

A rougher estimation of completeness and correctness was given by: 

 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑛𝑒𝑠𝑠 ≈
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑜𝑑𝑒𝑠 𝑜𝑓 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
 (2.4) 

 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑛𝑒𝑠𝑠 ≈
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑡𝑐ℎ𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑜𝑑𝑒𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛
 (2.5) 

Extra metrics like redundancy and RMS difference are also introduced in the same 

study. Because while reconstructing the roads we do not make changes on the axis, 

i.e. we do not add new nodes to the original node series of input data, there is no 

need to check the redundancy and RMS which is related to the morphology of the 

roads sections inside a network. 

Implementation of these methods was conducted in Poullis, 2010 [25], in which the 

matched and unmatched parameters are defined as “true positives, false positives, 

and false negatives” which are determined based on the data from existing GIS 

database.  
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2.3 Introducing Unity3D 

There are many graphics APIs and tools can build up the purposed geometric models. 

Since this project aims at a framework where further developments such as traffic 

simulation and racing games, this work finally chose Unity3D as the platform to 

conduct our research. Although Unity has many tools and third-party plugins to help 

with normal modeling work, the research goal is aiming at the generation methods 

instead of barely chasing the modeling result. In particular, this project mainly 

conducts the mesh building and rendering process on Unity3D by C# scripting. 

Building 3d models by scripts on Unity3D: 

In Unity, objects are presented as a combination of meshes. Unity provides a Mesh 

class that allows scripts to generate or modify the mesh of objects. Regarding objects 

of Mesh class, Unity stores the data of the 3D model in arrays (for more details one 

can check unity user manual documentation [15] ) which are:  

• vertices: the vertex data array in the type of 3D vector, defines the position of the 

associated mesh with the x, y, z coordinates of each vertex; 

• triangles: the triangle vertex index array in the type of integer. In unity, each mesh 

consists of several triangles, and the connection order of the three points on each 

triangle composed of the triangles array. In other words, the triangle stores the 

index of the face of a triangle. The size of the array of triangles equals the number 

of triangles. Moreover, the counterclockwise order of the vertices determined the 

front face of the triangle while the clockwise to the backside.     

• normal: the normal vector array in the type of 3D vector, stores the normal of 

each vertex of the mesh, and the size corresponds to the vertex coordinates, 

normal[i] corresponds to the normal of the vertex[i]. 

• uv: the texture coordinate array in the type of 2D vector, defines the location of 

each point on the image. These points are related to the 3D model to determine the 

location of the surface texture map. With UV Unity can accurately map each point 

on the image to the surface of the model object. 

The road is a classical rendering objective in graphics and road texturing method are 

varied. The method described in E. Bruneton’s project [16] illustrates a typical road 

mesh generation on unity which can be concluded as figure 2.8 shows below.   
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Figure 2.8 Typical triangle meshes of a road segment in Unity, the blue lines are the 

road axes. In (a) the number on each vertex is the index to be stored in the “vertices” 

array 
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Chapter 3 

Implementation 

 

In the previous chapter, this report has introduced the general process of visualizing 

data that describe the road network, works based on the GIS input which commits 

to building city scenes from the input data provides a general idea to convert 

OpenStreetMap data to the 3D scene. In this Chapter, this work modifies the methods 

to handle OpenStreetMap data. Three stages are included, first, designing algorithms 

to split the road network into two parts; second, generating the geometric 

representation for road section and intersection; at last, mapping the data to meshes 

and render the output on Unity3d.   

3.1 Design Principles 

The implementation of this project includes three stages based on the general 

visualization pipeline:  

 

Figure 3.1 Three stages of the task in this project 

First, this framework sets up a global principle of generation, parse and reorganize 

the OpenStreetMap input to meet our modeling requirement. Then all of the roads 

are visited to distinguish the intersection points from the node objects and rearrange 

the way objects list to get a unified road section representation to proceed the 

following steps. The map’s bound is also read from the header of OpenStreetMap 

XML file to transform the coordinates of map elements from the world map to the 

Unity space. 

Second, on each road section, this framework conducts modeling between the points 

inside the extracted polyline from the first stage and merge the generated segments 

to get a C0 continuous road model. Besides, on each intersection point, this method 
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generates the polygon and buffer area to represent the surface of intersection area. 

To build up a integrated road network model, this method indents the end of road 

section to a border set by the nearest road section node around the intersection node, 

and adjusts the shape of intersection area. Therefore, the generated intersection area 

gets fitted into the road network, and the components inside the road network are 

linked.  

Third, the last stage is rendering the generated mesh from the second stage, due to 

the goal of this work is mainly focus on the geometry modeling and the rendering 

methods depend highly on the platform and software where the models are built,  

this stage is not the focus in this work.  

3.1.1 Network division strategy 

In OpenStreetMap, the data only provides spatial information of nodes, roads, and 

their inclusion relations. The geometric information, for example, the form and 

orders of the network pattern are not explicitly presented by the OpenStreetMap data 

structure, road interchanges like a roundabout and multiway intersections can only 

be inferred from the given spatial coordinate from the data.  

It only takes a moment to consider that modeling these particular patterns by 

designing special algorithms is clumsy and inefficient. Concluded from the previous 

works, and considering the complexity of the shape inside a single network and the 

diversity between different networks’ morphology, it is necessary to model the 

geometries of the whole road network a more general method to divide a given 

complicated network into concise elements. After observing the road networks in the 

real world, it is obvious to conclude that a complex road network pattern can always 

be described as a collection of two parts, road sections which are morphologically 

constant and road intersections which are connections of the former part (See figure 

3.2). For instance, a roundabout can be divided into several three-way intersections 

connected by road sections between them (see figure 3.2 (b)).  
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Based on the divided network, the geometric representation can be defined 

separately for the following modeling works. It is not hard to generate the road 

section and intersection separately but how to organize and assemble them together 

based on the OSM XML file is still a challenge. 

3.1.2 Geometric representation  

Road networks in the reality can be varied and complicated, the determination and 

arrangement of various elements of a road composed of detailed modeling work, 

including vertical and horizontal alignment, grades, sight distance, widths, slopes, 

and so on. Previous works mentioned in Section 2.2 refer civil engineering rules to 

settle the parameters to determine the geometric mostly. Considering the limitation 

of our time and resources and our research goal illustrated in Section 1.2, this work 

only focuses on the road features that sufficient to achieve a reasonable network 

modeling: (1) road axis (2) road width (3) turning radius. 

Road Section representation 

In OpenStreetMap XML dataset, all the spatial coordinate information are 

included in node objects, without the way objects one can only get a splatting 

points plot. All the node objects that represent the points on the same road are 

stored in order in a way objects represent roads in the file. Furthermore, the road 

is represented by way object with a “highway” tag given “key = highway”. 

Despite the description of the function and type in way object, each road has a 

unique ID and a set of node objects set up by WGS 84 coordinate system. In this 

project, the node object array defines a directional road axis.  

Figure 3.2 Two examples of the road network division in this project, the yellow parts 

represent road sections and gray parts are road intersections 
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Regarding the road width, since this project does not pursue an absolute fidelity 

of the model details and also the design standard can be varied from country to 

country, width value for each road is not demanded to be precise in this project. 

All the road widths are set as the standard width of a two-lane highway (one 

lane in each direction) which is sufficient to achieve the basic function and the 

shape of a road section.   

Section 2.2 has introduced the hypotheses for giving the estimation of the radius. 

Considering the consistency of the road features, equation 2.1 can be safely 

translated into this work based on the rule of thumb, and give the basic formula 

of turning radius estimation based on centrifugal force formula: 

 

𝑓 = 𝜇𝑚𝑔 =
𝑚𝑣𝑚𝑎𝑥

2

𝑟
   (3.1) 

𝑟 =
𝑣𝑚𝑎𝑥

2

𝜇𝑠𝑔
          (3.2) 

In the above equation, 𝑣𝑚𝑎𝑥 are given by the max speed tag in OpenStreetMap 

file, and 𝜇𝑠 is the coefficient of friction which can be set according to many 

factors such as the material of wheels and the surface of road. In this project, the 

preliminary value of 𝜇𝑠 is set to 0.7, which is the approximate static friction 

coefficient between normal rubber tires and dry asphalt road surface [17].  

Road Intersection representation 

Roads intersections are the convergence point of roads, the form of an 

intersection area highly relies on the connected road sections around it. While 

the intersecting angle of roads and their width can be varied, the intersection 

invariably hold two kinds of edges: (1) edges that joint the intersection area and 

road section (see the solid blue line in figure 3.3) and (2) edges connect the 

border of two adjacent roads (see the dashed red line in figure 3.3) 
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Figure 3.3 Two different edges of the intersection area displayed in solid blue 

lines and dashed red lines 

The first kind of edge can be set as a line segment perpendicular to the road axis, 

this type of edge determines the connectivity of road section and intersection, 

until the whole geometric network model. The second type of edge should serve 

as a turning corner where an arc could be adaptive to this part. This kind of edge 

determines the continuity of the surface edges between road section and 

intersection. Both of these two types of edge directly determine the visual effects 

of the generated geometric model. 
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3.2 Data preprocessing 

3.2.1 Filtering and tagging 

OSM XML data can is available in various sources. The most common and 

convenient source is the OpenStreetMap official website4  where individuals can 

easily acquire the data of a specific area by simply creating a bounding box on the 

map querying webpage. An example of the input OSM XML file in this work named 

“Arrow_example” can be found in Appendix 1.  

The raw OpenStreetMap data consists of different information other than the spatial 

road information. The XML file can be relatively large and hinder us from 

proceeding real-time modeling, to start a fast road network generation, the pre-

processing is necessary.  

Since the level of roads only determined the width and texture of its model in an 

urban modeling work, we do not add different modeling standard on these varied 

road types. Besides, in OpenStreetMap highway of different levels like sandstone 

roads and trails can be added by individuals, and there is no necessity to pursue to 

model every detail of the network. This project only preserves four types of the 

highway, which are: primary, secondary, tertiary, and residential way objects in the 

input OSM XML file. Thereby the length of t node lists can get reduced, and the 

output model will become more clear for displaying through this step. 

3.2.2 Coordinates Conversion 

In the OpenStreetMap database, the object location coordinators are usually based 

on the latitude and longitude, which represent the spherical coordinate of a specific 

point. In this project we are focusing on modeling a flat scene because the radian of 

the city area can be ignored while being compared to the surface of the whole earth, 

if we directly set up our models with the spherical coordinates there will be distortion 

on the results. Therefore, a projection method to flatten the earth-based coordinates 

onto a flat plane on the computer screen is urged.  

Mercator Projection [18] (also see figure 3.4) is one of the most widely used methods 

in general data-based projects. In particular, we use Web Mercator Projection [19] 

to provide accurate aspect ratios for objects on the earth respecting their direction 

angles, which is essential to reconstruct the network without missing prerequisite 

                                                   

 
4 https://www.openstreetmap.org/ 



 

27 

 

connections among adjacent roads. The coordinate conversions are done with the 

equations below, where EP is the Equator Perimeter, meterX and meterY are the 

converted coordinates on a flat XOY plane:  

 

𝐸𝑃 = 2𝜋 ∗ 6378137  

𝑚𝑒𝑡𝑒𝑟𝑋 = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 ∗
𝐸𝑃

2 ∗ 180
 

𝑚𝑒𝑡𝑒𝑟𝑌 =
log (tan(90+𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒)∗

𝜋

360
)

𝜋

180

∗
𝐸𝑃

2∗180
       (3.3) 

 

  

Figure 3.4 Mercator Projection in general 
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3.2.3 Build up the structure 

Section 2.2 introduces a traditional data structure of the road network. Although the 

source of data in related projects can be different, it is easy to conclude a node-road 

hierarchy based on the tree structure inside OSM XML files and also the feature of 

the road networks in the real world (see figure. 3.5) 

 

Figure 3.5 The node-road hierarchy 

Detect intersections 

As the hierarchy is set all the node objects should belong to a road in the input 

map. It is easy to detect intersections within OSM XML data. When two roads 

intersect with each other, they must have a shared node in both of their node 

lists. Therefore, we create a buffer to hold all of the nodes with a counter with 

each that only increases if the associated node was visited. After visiting all the 

selected highway objects in the OpenStreetMap XML file, the nodes whose 

counter number is bigger than one are accepted as intersection points. 

However, nodes in the way list are ordered, the detected intersection point can 

be at the start, the end or in the middle of a way’s node list (short for “mid-

points”). Intersection points at the mid-points require extra methods to handle 

the following modeling steps. To avoid setting a different technique to handle 

these cases, divide the roads by the intersection points which are in the middle 

of the node list is necessary (see algorithm 1).  

Algorithm 1: Dividing Roads with mid-points 

Input  inputRoad // The road to be divided i.e. has at least one intersection points at 

mid-nodes  

       inputIntersection // The intersection point object divides the input road 

       Ind // The index of the intersection in the list of the road’s nodes  

Global variable:        

       roadList // The list stores all road objects (i.e., filtered way objcts) in the map  
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       intersectionList // The list stores all intersection points in the map   

Process  

1. w1,w2 = new Road; //create two new way objects w1,w2 

2. w1.ID = inputRoad.ID + “i1”, w2.ID = inputRoad.ID + “i2”; // To distinguish the 

new roads’ ID from the original one 

3. w1.Nodes = inputRoad.Nodes.GetRange(0, Ind + 1); //copy the node list from the 

beginning to the inetesection node 

4. w2.Nodes = inputRoad.Nodes.GetRange(Ind, road.Nodes.Count - Ind); //copy the 

node list from the inetesection node to the end; 

5. roadList.Remove(inputRoad); 

6. roadList.Add(w1), roadList.Add(w1); 

7. foreach intersectionPoint in intersectionList 

8.     if (inputRoad connect to the intersectionPoint) 

9.     { 

10.         if(intersectionPoint’s index in inputRoad < Ind)  

11.         { 

12.            replace the inputRoad with w1 in intersectionPoint 

13.         } 

14.         else 

15.         { 

16.            replace the inputRoad with w2 in intersectionPoint 

17.         } 

18.     } 

19. return; 

Output  w1, w2 //Inside roadList 

As a result, the divided road network only has road sections in a unified form: 

each divided section only connects with other sections at the start or the 

endpoints of themselves. In the perspective of intersections, all the intersection 

points are either at the start or the end node of a divided road section (see figure 

3.6). 

 

Figure 3.6 A sample of network division, (a) is the original network and (b) is 

the resulting networks where road sections (line with blue nodes) are separated 

from each other by the intersection points (red nodes). 
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In order to handle the following modeling steps, the intersection point structure in 

this project stores information concerning the location of the intersection point, the 

information of road, and the associated turning circles at each corner. 

3.3 Road Sections   

In OpenStreetMap, the node-way structure gives an explicit inclusion relation 

between ways and nodes on them. The coordinates of each node reflect the 

associated point’s locations that form up the basic morphology of the road. Hence 

the preliminary geometric representation of a road is actually a polyline, which is 

also a rough reflection of the road axis in the real world.  

In previous work, centerline-base road modeling has already demonstrated its 

effectiveness. In this project, the OSM XML file does not contain the information of 

centerlines, in order to preserve the topology of the original road network we 

transplant this method to road axes which leads to a highly simplified modeling 

process.  

To expand the polyline to multiple line segments which represent a road, on each 

segment of a road we conducted the following steps shown in figure 3.7.  

 

Figure 3.7 (a) two forward vectors, (b) side vertices generated by offsetting the 

forward vector 

The calculations in figure 3.7 are listed below:  

𝑉𝑓𝑜𝑟𝑤𝑎𝑟𝑑  =  𝑉𝑝𝑛+1
− 𝑉𝑝𝑛

 

𝑉𝑢𝑝 = (0,1,0) 

𝑉𝑟𝑖𝑔ℎ𝑡 = (𝑉𝑓𝑜𝑟𝑤𝑎𝑟𝑑  × 𝑉𝑢𝑝). 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 ∗ 𝑊𝑖𝑑𝑡ℎ 

𝑉𝑙𝑒𝑓𝑡 = −𝑉𝑟𝑖𝑔ℎ𝑡         (3.4) 

 

 



 

31 

 

1.3.1 Merge the segments 

In our project, a polyline is formed by line segments in series. To build up the road 

meshes from the whole polyline, the line segments generated by each pair of adjacent 

nodes are considered as the basic elements. However, simply building line segments 

is not enough while the direction of each line segments are not the same, overlapping 

problem occurs (see figure 3.8 (a)) when the direction angle of the segments are not 

consistent. 

 

 

To merge the adjacent line segments without mesh overlapping, for each pair of 

adjacent line segments, after getting the left and right side, we calculate the 

intersection points of the two straight lines at both sides and set them as the new 

mesh vertices for the mesh generation. 

3.3.2 Rendering the mesh 

Since the road section mesh is generated by the left-side and right-side vertex array 

given in the steps before, the texture coordinates can be dynamically calculated to 

set the continuous texture for roads. According to the unity rendering procedure we 

illustrated in Section 2.3, left side vertexes always have 0 value and right side 

vertexes always have 1 value for their U component of texture coordinates. For V 

coordinates, length of way segment is calculated for each segment starting from 0. 

Choosing “repeat” in Unity3D renderer’s texturing option allows us to assign a 

coordinate greater than 1. Therefore, adding segment length each time to the V 

coordinate smoothly generates the texture coordinates. A generated road is presented 

in figure 3.9 below:  

Figure 3.8 (a) road segments overlapping problem when direction angle changes, 

(b) calculating the substitution points by intersecting the extension line, (c) 

merged road segments 
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We have also implemented an optional evenly spacing operation based on Sebastian 

Lague’s project [20] to pursue a better texturing effect. However, the evenly spacing 

process is time-consuming and the result is not robust. Since this project aims at an 

efficient generation and C0 Continuous is sufficient visually because OSM data has 

significantly shown the direction change by adding recording nodes at all the 

turnings along a road, we do not dive into the evenly spacing method here. 

3.4 Intersections 

Road intersection is the intersection points inside the road network, where people 

and vehicles converge, turn and divert, and it is also the key to the flexibility of road 

network. Road intersection can be divided into two types: plane intersection and 

three-dimensional intersection. Since we did not take elevation into account, we 

mainly focus on plane intersections, and in particular, the method should be able to 

handle trident intersection, quadruple intersection and ring-island intersection on a 

plane, which are the most common signalized intersection types inside normal road 

networks. 

 

Figure 3.10 Overlapping roads without intersection generation steps 

Figure 3.9 Road section generated by this method 
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If one merely builds all road sections in Section 3.3, the shared points lead to the 

mesh overlapping at the end side of roads (see figure 3.10). Hence, it is necessary to 

design an algorithm to remove the overlapping parts of each road section and 

generate the surface correctly.   

3.4.1 Intersection structure 

In this project, while the geometric information of intersection borders are not 

available in OSM file, a naïve intersection modeling method that divides the 

intersection into two parts came out: a polygon area at the center and buffer areas on 

the corners (see figure 3.11), to fit the road section modeling method in our project 

and minimize the influence on the adjacent road sections. The buffer area does not 

precisely restore the actual shape of the border in the real world but gives a rough 

but flexible representation to ensure a smoother turning on the conjunctions 

considering the research goal. 

 

Figure 3.11 The steps toward the final intersection area in this project, the 

intersection area consists of a polygon area at the center and buffer areas around the 

corner 

In specific, firstly the system gets the information from all the connected roads on 

this intersection. Then, it calculates the new intersection points of each road’s side 

border, stores the data of these points into a list and indents the end of adjacent road 

sections. Afterward, a blank polygon area occurs at the center. The next step is to fill 

the polygon area based on the new intersection points calculated before. Finally, add 

buffer areas for the sharp corners on the intersection which can be regarded as 

conjunctions.  

The new intersection point calculation is shown in figure 3.12. 



 

34 

 

 

3.4.2 Adjacent roads 

Since the intersection modeling relies highly on the condition of the adjacent roads 

that connect to the intended intersection, we build the intersection structure to store 

the necessary information: (1) roads connect to the intersection, (2) intersection point 

index in each connected road node sequence (start or end), (3) closest nodes at the 

connected roads.  

In order to set up the skeleton of the intersection, the adjacency relation of connected 

roads should be reduced and handled for generating the intersection edges and also 

the buffer area. The only information can be utilized is the ID of intersected roads 

and their spatial coordinates on each node from our intersection structure. 

To archive this, one can utilize the property of cross product to quickly verify the 

orientation order of an arbitrary pair of road direction vectors (see algorithm 2): 

Algorithm 2 Ordering roads on the intersection 

Input  𝑹𝟏, 𝑹𝟐, … , 𝑹𝑵 // Roads connected to the intersection  

       𝑰𝒏         // The intersection node 

Process  

1. new 𝑫𝟏, 𝑫𝟐, … , 𝑫𝑵 // Direction vectors for each road 

2. new 𝑶𝒓𝒅𝒆𝒓𝑳𝒊𝒔𝒕  // Create a list to store the order of roads 

3. for i = 1~N  

4.    if (𝑹𝒊 𝒔𝒕𝒂𝒓𝒕 𝒇𝒓𝒐𝒎 𝑰𝒏 ) 

5.      𝑫𝒊 =  𝑹𝒊 [𝟏] − 𝑹𝒊 [𝟎];   

6.    else                          // 𝑹𝒊 𝒆𝒏𝒅 𝒂𝒕 𝑰𝒏 

7.      𝑫𝒊 =  𝑹𝒊 [𝒍 − 𝟐] − 𝑹𝒊 [𝒍 − 𝟏];   // l is the length of array 𝑹𝒊  

8. for each pair of 𝑫𝒊, 𝑫𝒋 (𝒊 < 𝒋,   𝒊, 𝒋 ∈ [𝟏, 𝑵]) 

9.    𝒓 = CrossProduct (𝑫𝒊, 𝑫𝒋) 

Figure 3.12 (a) the intersection point and the adjacent roads are represented 

by one of their line segments that are closest to the intersection point. The 

blue points are the nodes of each road. (b) The yellow points represent the 

side vertices generated in Section 3.3.1. (c) The red points are the intersection 

points of the borders of each adjacent two roads. 
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10.    if (𝒓 > 𝟎 )               //𝑫𝒊  is at the clockwise direction of 𝑫𝒋 

11.      AdjustIndex(𝒊, 𝒋, 𝑶𝒓𝒅𝒆𝒓𝑳𝒊𝒔𝒕)  

12.     // Adjust the OrderList to have 𝑹𝒊’s index bigger than 𝑹𝒋’s index   

13.    if (𝒓 < 𝟎 )               //𝑫𝒋 is at the clockwise direction of 𝑫𝒊 

14.      AdjustIndex(j, 𝒊, 𝑶𝒓𝒅𝒆𝒓𝑳𝒊𝒔𝒕 )  

15.     // Adjust the OrderList to have 𝑹𝒋’s index bigger than 𝑹𝒊’s index 

   

Output 

        𝑶𝒓𝒅𝒆𝒓𝑳𝒊𝒔𝒕 

   

3.4.3 Intersection polygon area 

After the intersecting roads are ordered, we can get the new side vertices around the 

intersection point (See figure 3.13 (a)) by calculating the intersection points of each 

pair of edges of adjacent roads. 

 

The edge vertices determined a new edge line of each adjacent road sections in figure 

3.12, which results in the indentation at the end of each road section around the 

intersection point, and a blank area formed by the calculated vertices occurs (see 

figure 3.13 (b)). Obviously, this area is a polygon. Since the order of vertices is found, 

we can safely generate triangle meshes start from the intersection point at the center. 

 

 

Figure 3.13 (a) The new intersection vertices (b) the polygon area 

3.4.4 Intersection buffer areas  

To ensure a realistic looking with a smooth turning route for the potential vehicle 

agents added on the road network, we can add C1 continuous conjunctions on the 

corner of intersections. In this project, buffer areas are added to ensure a smooth 

border from each connected road to the intersection area. We use the method in R. 

Cura et. Al ’s work [14] but edit it in C# scripting and fit it with the generated road 

sections by aligning the borders of buffer area and the connected road. 
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Figure 3.14 (a) Inscribed circles for buffer area generation; (b) variables determine 

the turning radius so as the buffer area; (c) the triangle meshes of the buffer area 

The calculation procedure is listed by the equations below, the variables are defined 

in figure 3.14 (b):  

The lengths of both angle legs: 

 
| |i iL v=

  (3.5) 

the associated unit vectors: 
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the normal of the plane containing the circle: 

 1 2O n n= −    (3.7) 

The circle center 𝑐 can be determined by combining the Equations 3.5, 3.6 

and 3.7: 

 
2 2

0c p r a b= + +
  (3.8) 

Where 𝑎𝑖 is the length of the projections of vector 𝑐𝑖 − 𝑝𝑖onto −𝑛𝑖−1 and 

onto 𝑛𝑖, and 𝑏𝑖is given by equation 3.9: 
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+
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−
 (3.9) 

once the circle is settled, the mesh vertices at the edge of the urged buffer area in 

figure 3.14 (b) can be easily calculated by evenly adding stepping on the arc edge 

(see figure 3.14 (c)). 
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The three typical modeling results of common road intersections can be seen in 

figure 3.15. 

 

Figure 3.15 Sample generated models of (a) trident intersection, and (b) quadruple 

intersection (c) roundabout, which consists of multiple trident intersections and road 

sections 

Besides, inscribed circle’s radius is given by the Equation 2.1 in Section 2.2.2, where 

speed s is given by the max speed of vehicles on the adjacent roads; the max speed 

can be read from the “maxspeed” tag in OSM XML “way” objects. Besides, a 

threshold of the intersection angle is set that when the angle is larger than 150 

degrees the method will not build a buffer area at the corner, considering that a slow 

turning usually does not have a turning buffer in reality. 
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Chapter 4 Evaluation 

 

In this Chapter, the generated models are presented with the original maps in the real 

world together for an intuitive comparison. The results are presented from street-

scale cases to district-scale cases. Models of roads intersected with different 

direction angles and widths are generated and proved this method can be applied to 

common road intersection forms. To demonstrate that the generated geometric 

models have restored the topology of the associated road network in the real world, 

the first subsection illustrates a naïve topology test to evaluate the topology 

similarity between them. The following subsections include the geometry cleanness 

assessment and the efficiency test based on different sizes of the input file. Based on 

which, we discuss the factors that lead to the performance and also the cause which 

leads to the unsatisfactory modeling results.    

 

The 2D road OSM data used in this work are downloaded from openstreetmap.org 

and bbbike.org whose data are contributed and maintained by individual mappers 

and organizations all around the world. The purposed method was mainly applied to 

the 2D OSM XML data. We test this method on regions in different cities around the 

world such as Stockholm, Beijing, Paris (see Appendix 2 for the marked area on the 

map) to verify the universality of the generation algorithm. All the road network 

geometric models are built and rendered on Unity3D under Windows 10 operating 

system environment. 
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Top-down view  

A first impression of the capabilities of the method working on the central districts 

of some big cities can be seen in figure 4.1 and figure 4.2. to avoid the loss of details 

we did not put result image of a larger area. 

 

 

Figure 4.1 The original map (a) and an Top-down view of generated model (b) for 

the center district of Paris. The generated model only includes the four levels of 

highway we mentioned in Section 1.2. 
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Overall, our method seems to be adapted to most of the regular road networks in the 

scenes above. Starting from single roads to blocks until the entire district, we can 

compare the generated models with the original map.  

 

 

Figure 4.2 The original map (a) and an Top-down view of generated model (b) for 

the center district of Beijing. The generated model only includes the four levels of 

highway we mentioned in Section 1.2. 
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4.1 Topology 

Since the network data representation are divided into sections and intersection 

before getting reformed into an intact network again in this project, it is still 

necessary to evaluate the topology of the road network in this project. Moreover, the 

modeling stage is not constantly giving correct results at every point; intersections 

not successfully generated might also influence the topological structure. 

Considering the topology evaluation method in Section 2.2.4 and the approaches in 

this work, the intersections construct a critical point in the network. Therefore, the 

completeness should be assessed by the percentage of intersections which are 

successfully generated and the correctness should be assessed by the connection 

between neighbors around the target intersection node. Afterward, we can safely 

define the evaluation equations below, the “node” equals to either a road section or 

an intersection model in this project): 

 𝑐𝑜𝑚𝑝𝑙𝑒𝑡𝑒𝑛𝑒𝑠𝑠 ≈
 # 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 𝑤ℎ𝑖𝑐ℎ 𝑝𝑟𝑒𝑠𝑒𝑟𝑣𝑒 𝑡ℎ𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛

# 𝑜𝑓 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑚𝑎𝑝 𝑛𝑜𝑑𝑒𝑠 
  (4.1) 

 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑛𝑒𝑠𝑠 ≈
 # 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑤ℎ𝑖𝑐ℎ 𝑝𝑟𝑒𝑠𝑒𝑟𝑣𝑒 𝑡ℎ𝑒 𝑛𝑒𝑖𝑔ℎ𝑏𝑜𝑟ℎ𝑜𝑜𝑑 

# 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 
  (4.2) 

The number of nodes is simply counted by checking each node on two factors: (1) 

if the node, i.e. the model of intersection or section, is successfully built; (2) The 

intersection’s connection to the neighborhood. The result of completeness and 

correctness for different test datasets are given in table 4.1: 

Scene Number of Nodes Completeness Correctness 

Stockholm_Small 8 100% 100% 

Stockholm_sample 40 100% 100.00% 

Beijing_Center 692 100% 96.098% 

Paris_Center 471 98.301% 81.398% 

Beijing_Large 7615 96.691% 86.381% 

Table 4.1 Network topology test (Number of nodes: the sum number of intersection 

node and road sections to build) 

 

Analysis:  

The completeness is supposed to be 100 percent in most cases since the process of 

network division and reconstruction does not change the topology in theory. In cases 

where the network pattern is simple, the result is 100 percent as expected. However, 

when inputting larger districts like “Paris_Center” and “Beijing_Large”, there can 
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be more chances to meet a group of roads form up a complicated pattern, which 

usually leads to building error on the associated sections or intersection because the 

method cannot generate reasonable geometric representation (see figure 4.3). The 

missing of intersections and section will cause the loss of completeness. 

 

 

Figure 4.3 the side border at the endpoint of the highlight intersection happens to 

insert into the gap between two split road sections, end borders of the three road 

sections cannot form up a convex polygon which will lead to building error. 

Regarding the correctness, this test only focuses on the adjacency relation on each 

node. While unbuilt models will also bring vacancies on all its neighbors, and the 

number of built roads is less than or equals to the roads in the original network, the 

correctness is usually much lower than completeness, as it can be seen in table 4.1. 

The topology test can only collect the information of the internal connection relation 

between the generated models, therefore the visual aspect of the result is ignored by 

this test. Due to the limitation of resources, we did not output the geometry model 

and conduct a more detailed check. However, the value of both results can still prove 

that the generated model preserves the topology of the original road network. 

Nonetheless, there are still many existing errors cannot be detected by the naïve 

topology test. While our method is kind of rough, the absent of elevation and width 

will result in the loss of correctness.  

1. Elevation 

In the real world, the city layout cannot be directly projected to a flat plane 

because terrain should always be considered. Therefore, traffic objects like 

overpasses are needed to connect roads across above other roads or valleys. 

However, as we have mentioned before, the OSM data does not contain the 

value of height dimension, and we do not take terrain into account, therefore the 

built models are simply adhering to flat ground. A typical model of overpass 

generated by the method can be seen in figure 4.4.  
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Figure 4.4 (a) aerial image of the original street containing a bridge; (b)the map 

of the associated area; (c) the model we generated, note the marked road section 

is overlapping with the section which ought to be under it spatially. 

While cases of this pattern usually do not change the adjacency relation between 

network nodes, thereby they do not affect the correctness, the overlapping 

models are still not good in visual effect. Furthermore, spatial display errors 

occur to some viaducts and overpasses; a typical case was shown in figure 4.5. 

The direct explanation of this situation is that the method does not have the 

module to analyse the height relation between components in road networks. 

 

2. Width:  

Information about road width is also usually missing in OSM file. Although 

we can estimate width for roads whose tags indicate the max speed by 

Equation 3.2, the method is still rather rough to restore the road condition in 

the real world. In particular, the width along a road is usually constant (unless 

forced intersecting is applied), therefore overlapping usually occurs when 

two roads are close to each other, as we can see in figure 4.6.  

Figure 4.5 The marked road model should have been above on other road 

sections and intersections according to the map condition, but here its model 

is overlaid by others  
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Overall, the errors mentioned above undoubtfully affect the visual effect. In 

particular, the overlapping issues where road components are merged has the 

topology of the network visually wrong if one had no information of the roads inside.   

Figure 4.6 (a) two roads overlap together while the distance between their axes are 

less than the sum of their half-width. (b) buffer areas overlap with roads nearby 

because the distance between roads are too small to place them  
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4.2 Quality 

A closer view of models of typical intersections can be seen in figure 4.7:  

 

However, in the real world the access angle of road sections can be varied, hence, 

this method should be tested in more irregular cases which are shown in figure 4.8: 

 

Figure 4.8 (a) and (b) display intersections with smaller and bigger access angles 

on the connections to the road section. (c) shows a case where an angle between 

two access roads is extremely small, the polygon area has to be stretched to fit the 

edge of the two roads. 

 

Figure 4.7 (a) and (b) are generated models of classical road intersections; (c) and 

(d) are models of the same types of intersection generated in CityEngine. Results 

of this methods can give acceptable visual effects (note the intersection area are 

rendered in black for distinguishing). Results in CityEngine have better appearance 

with smoother edges and correct traffic signs. 
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Results above partly demonstrate that this method can work stably while the access 

road angles of the intersection area change. To enhance the evaluation, relatively 

complicated network parts generated by this project that include multiple forms of 

road intersection can be seen in figure 4.9: 

 

 

 

Overall, the method can produce acceptable visual effects in various cases. The 

framework generates from a few roads, then a few blocks until the entire given 

Figure 4.9 images (a)-(h) manifest the comparison between complicated road 

network pattern and the generated models by this method 
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district, based on all the results displayed above we can cautiously conclude that the 

framework is robust in common road network patterns, i.e. three-way, four-way 

intersections and roundabouts. 

Cleanness 

As we can see in the close views from images above, in most cases, especially the 

trident intersection, quadruple intersection and all the networks that only composed 

by these two kinds of the intersection, generated models have no coplanar faces 

which will cause flickering problem while displaying the models. Overpasses which 

are reflected from 3D to the plane are not considered as overlapping faces here. Also, 

no coincident or isolated vertices occur which means every vertex are welded 

probably. At last, all the normals are facing upwards as expected since we conduct 

the generation on the flat XOZ plane. Overall, generated models are continuous and 

seamless given data of a simple road network, the framework seems to be adapted 

to most common cases.   

Obviously, our method is rather rough to handle complicated cases, when too many 

roads of different conditions crowded together in a small area, wired models are 

usually generated in these cases. After input OSM data of the area of Place de la 

Concorde in Paris (see figure 4.10 (a), the method generates distorted result (figure 

4.10 (c) which can be regarded as a typical example. 

 

 

  

Figure 4.10 (a) The aerial image of Place de la Concorde; (b) The map of Place de 

la Concorde; (c) The generated road network by our method;( d) The output model 

by CityEngine, the input data are same, the result is the direct output without setting 

any optimization options; 
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Typical errors inside the figures above can be generalized as figure 4.11 shows:  

 

Figure 4.11 Two typical buffer area defects, (a) the nearest node on the 

connected road is too close to the intersection point, the road axis then becomes 

too short for the proposed radius to be adapted to the corner, and the misplaced 

border is created. (b) when two road axes are too close to each other and 

connected by a shortcut, the default buffer area might not have enough space to 

be adapted to the connection area. 

Based on results from cases of this kind, we can conclude the weakness of this 

building method: first, the missing information of road width and turning radius 

in OSM file leads to the mesh overlapping; second, the polygon-buffer structure 

for intersection modeling still needs much edition to acquire better visual effect. 

The current method can only produce buffer areas in a default shape with 

estimated turning radius, but in the reality the shape and parameters of a turning 

on intersection can be highly diverse. This results just revealed that the 

information inside a single OSM dataset is insufficient to reconstruct a stylized 

road intersection area. Which also demonstrated the necessity of introducing 

raster images for auxiliary modeling if we pursue a highly realistic and precise 

output.  

However, in figure 4.10 (d) where the same OSM file was input without any 

further operations, the preliminary output model from CityEngine is even more 

chaotic. On the image, we can find that the basic topology is totally messed up 

after the automatic resolution and generation in CityEngine, which indicates that 

even in the commercial field it is still a challenge to automatic modeling a 

complicated case like this.    

 

4.3 Efficiency 

The efficiency performance of this method was tested on Dell laptop configured with 

Intel Core i7-6700HQ Processor (dual-core, 2.60GHz both), 8G RAM, and 64-bit 
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windows 10 OS.  

Parsing time 

Scene Name 
OSM File 

Size (KB) 

Number of Node/Way 

Objects in total 

Parsing 

Time (ms) 

Stockholm_Small 73 313 / 30 94.261 

Stockholm_sample 795 2319 / 317 329.8928 

Paris_Center 11199 38383 / 4614 4483.525 

Beijing_Center 1097 7799 / 1665 2401.049 

Beijing_Large 15600 108941/23606 28783.711 

Table 4.2 the OSM XML Parsing time. (The number of node and way objects 

includes all the raw data in the OSM XML file without and filtering. The parsing 

time started from the file input, and end up when all the nodes, ways, and bounds 

were read and set up.) 

The parsing time is highly influenced by the number of node and way objects 

contained in the test file instead of merely related to the file size. Since we do not 

have the information of the neighborhood for each road, to find out the intersections, 

i.e., the shared nodes, we visit the whole road list which will take 𝑂(𝑛𝑚) for n way 

objects and m average node objects stored in each way. Thus, the parsing time 

drastically lift when the number of objects grows.  

 

Modeling time 

Scene Name 
Area size 

(𝒌𝒎𝟐) 

Number of 

built Highways  

Number of built 

Intersection  

Modeling 

Time (ms) 

Stockholm_Small 0.02 6 2 489.841 

Stockholm_sample 0.27 29 11 2225.806 

Paris_Center 3.18 330 135 10119.658 

Beijing_Center 5.17 445 221 10874.431 

Beijing_Large 76.65 4921 2694 839852.2688 

Table 4.3 Modeling Time 

As we can see in the table, the modeling time drastically grows as the number of 

objects to build is increasing. However, the growing speed is faster than linear 

growth.   

The cause is while detecting road intersection in the pre-processing stage, on each 

awaiting intersection point this method just simply compares the information of the 

road includes it with all the other roads by visiting them, whose time complexity is 

𝑂(𝑛2) (n is the number of roads). On the modeling stage, road section modeling 
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process is basically influenced by the number of nodes on the road, which manifests 

the degree of the tortuous of the road section; as for road intersections modeling, the 

number of road sections connected to the intersection point determines the speed of 

ordering roads and modeling the buffer areas of a certain amount. 

However, the modeling time does not experience a significant shift from 

“Paris_Center” to “Beijing_Center”, although “Beijing_Center” has two hundred 

more objects to build. It is partly because the roads in Beijing are usually straight 

and perpendicular to each other as we can see in figure 4.2. From this, we can find 

that city planning style really influences the performance of this method.  

 

4.4 Discussion 

The generated models are visually good from the overlooking perspective. Although 

we only conducted this method on main roads, we believe the method can also be 

implemented on all levels of road and all cities which have OpenStreetMap data 

resource in the same format since the basic data structure of road network in OSM 

XML files are invariable. Meanwhile, the generated network has reverted the 

topology structure of the original roads on the map according to the topology test 

result. In particular, intersection areas are successfully modeled and fit into the whole 

network at every intersection point, which proves the geometries are organized and 

the method is adapted to the road network structure. 

The close perspective of the generated models can be discussed according to 

different situations. Both good and bad results can be found while the road 

conditions changed, which indicates that the method is not robust enough to handle 

any feasible forms of the road network. Also, the edge of generated geometries are 

only C0 continuous, the buffer area can only be added to the corner of intersections 

and only slightly smooth the transition part, which is still not enough compared to 

the visual effects brought by advanced projects like CityEngine. 

In summary, as the result displays, this method is sufficient to handle typical cases. 

For road sections, this method can give a visually good model and seems to be 

adapted to many cases. For road intersections, the method can quickly generate 

regular 3-way or 4-way intersection. However, when many roads crowded together, 

while the topology does not lose after modeling, the lack of necessary information 

makes it hard to distinct roads from each other and even more arduous to approach 

the real shape of the intersection area. Consequently, the intersections in these cases 

usually get a bad visual effect. The primary origin of this problem is that the 

OpenStreetMap data is the only input in this project. While the distance between 
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objects, the width of the road, the border of intersection are not given and we did not 

find any way to estimate this information merely from OpenStreetMap file, a 

solution for this problem is still a challenge. 

As for the efficiency, because the node-road hierarchy which determines a tree-like 

structure of the stored road network data, the relation between a road and its 

neighbors are missing, hence the method visits every object in the road list to find 

out roads with shared node objects, which results in longer running time.  

Also, the modeling time change between “Beijing_Center” and “Paris_Center” 

demonstrates the design style of a city highly influences this method's performance. 

In Beijing, due to cultural demands, the roads are usually straight. On the map, we 

can find most roads’ direction are either vertical or horizontal. Hence the crossings 

are much more regular in general. A visually straight road usually represented by 

fewer node objects in an XML file. Therefore, the purposed mesh can be simpler. 

Besides, when two roads are perpendicular, their intersection area can be a regular 

shape. Both of these two factors consume less time for modeling.  

This project is still a rough and primary framework for road modeling work. 

Although there is plenty of space for people to adjust road width and the buffer area, 

the method does not release more options for custom editing due to many outside 

factors. The texture attached on the meshes are homogeneous, due to the level of the 

highway are barely ignored in this project, we only apply the same texture on all 

roads. Meanwhile, on the transition between roads and their intersections, typical 

big-projects usually adopt GIS raster data to revert the details on the connection 

borders, which is prerequisite to realize high-fidelity. 

Regarding the adaptability, this automatic method can easily give a rough road 

network geometric model for a particular area. However, in most cases, the 

generated models still need manual editing to satisfy the requirement of a specific 

work. For cities which are built on a mountainous region, the missing of elevation 

means even more modifications on the generated result. However, because we 

pursue a concise and practical resolution while designing the method, we preserve 

the original position information of each node in the OpenStreetMap XML file and 

do not add additional constraints to the relation of any part of the road network. It 

can be easy to adjust the elevation and borders of all the objects, which means this 

framework is highly extensible.  
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Chapter 5 Conclusion  

 

In this report, we have presented a framework for converting OpenStreetMap data 

to a topological geometric model of the associated road network. The method is 

simple but able to work in many scenarios. The evaluation reveals both the 

advantages and weaknesses of the method. This chapter concludes the strong points 

of this work and comes up with potential improvements regarding the weaknesses 

of the method itself and also the improvements in the evaluation method in this field.   

This project purposes a framework to automatically generate the geometry model of 

road networks based on OSM data from the real world, the framework includes three 

stages of processing: data preprocessing, geometry modeling, and rendering. The 

characteristics of this study are listed as follows:  

Strengths 

In the data preprocessing stage, it supports the arbitrariness of road node 

selection, without considering the main direction of each road in the scene, 

laying the foundation for the subsequent generation for road section and 

intersection, and even the construction of the entire road network scene;  

The primary road sections and road intersections involved in the scene are 

automatically modeled 3D visualization, as shown in figure 4.1 and figure 4.2, 

without the intervention of artificial 3Dmax software, saving modeling time and 

improving work efficiency;  

This method effectively solves intersection modeling of some complicated road 

sections, speeds up the processing, and improves scene rendering and analysis 

capabilities. As shown in table 4.3, there are thousands of objects modeled in 

less than 100ms for each. Although the modeling time grows with the scale of 

scene increasing, the average modeling time of each road section or intersection 

is still much less than manual operation5. 

The built-in roads function provided by this method still keeps their 

independence, which means each of the generated roads can be adjusted and 

rendered separately. Meanwhile, the boundary of each road also performs as the 

constraint of the roadbed, which brings the reference to generate footpaths along 

                                                   

 
5 Manual modeling time are considered to be at least 200 ms for each operation, mentioned 

in R.Cura’s study [14]. It usually takes several steps to manually build a single geometric model.  
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a road. All of these provide high operability for the method to be integrated into 

a scene with terrains and generating facilities such as pavements, chairs, and 

lights on the geometric models;  

Unlike traditional urban automatic modeling projects, this method is completely 

developed from the bottom logic; the transparency ensures programmer’s 

control over every logic and parameters in this framework instead of combining 

tools from external resources. All of these provide the potential users convenient 

backend maintenance and further development. 

Limitations 

Due to the OSM structure does not support a high-precision reconstruction work, 

and the limitation of data resources on road features, this work is only able to 

give results with acceptable appearance. Besides, the limited time restrict further 

steps to give more details to the generated geometries. 

There is still space to reduce the modeling time as discussed in the previous 

section. If there were more resources available, this project could probably 

integrate an efficient geometric method to detect intersections instead of visit 

through the whole way object lists in the OSM XML file. 

The resolution for the research question is relatively rough at the technical 

perspective, which results in that the network condition can highly determine 

the quality of the generated road models, as one can see in the performance 

based on the data of “Paris_Center” and “Beijing_Center”. However, the road 

from zero to the final resolution consumes much time, integrating the 

knowledge of OpenStreetMap, visualization and Unity3D scripting is still 

worthy of spending time on it and brings much potential for the future study in 

the related fields. 

 

Overall, this work could provide an auxiliary tool for urban reconstruction.  

From the perspective of industries, this work could be used as a base of a 

comprehensive city reconstruction project. With further updating on the details and 

addition modules on this project could contribute to reducing the time and labor 

resources for urban designer or related people who want to spend less time on the 

repeated bottom modeling of common road network cases in cities but focus on the 

advanced objects.  

From the perspective of academics, researches such as traffic simulation or crowd 

simulation which based on the virtual reflection of the real world can introduce this 

work as part of the simulation environment. Moreover, the experience from this work 
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could help the related research to quickly understand the pipeline of modeling the 

road network geometries based on OSM data, especially the common cases of three-

way intersection, four-way intersection and how to combine these intersections into 

more complicated network patterns such as roundabouts, thereby also a primary step 

into GIS-based city reconstruction. 

5.1 Future work    

To further improve this framework and produce more realistic-looking models, there 

are still lots of work to do. 

5.1.1 Implementation Improvement 

For the pre-processing data stage, the lack of details in OSM has already limited 

the fidelity of the original road network. The information about elevation or 

terrain is highly desired to achieve real 3D modeling. Road width is also 

necessary to avoid the overlapping problems and generate correct shapes for 

intersection area. Hence, introducing auxiliary data from other GIS databases 

with the help of GIS management tools such as Postgres could be a choice. For 

instance, follow the method from Chiang, 2008 [26] to extract the connectivity 

and orientation from raster maps automatically. Besides, the spatial position 

relations of each part of the network can be extracted by geometric methods, 

which can help to define the bound of each road section and intersection thereby 

help to estimate the road width and turning radius. What’s more, the current 

approach to detect intersection points are inefficient. While the current node-

road structure does not concern the neighborhood information among roads, a 

feasible plan is introducing geometry methods to quickly identify the neighbors 

of each node in the network, and store way objects in graph structure. Therefore, 

one can reduce the scope of querying thereby the time to find shared nodes 

between road sections.  

For the modeling stage, the method still has much space to improve. Regarding 

the geometric representation of the road section, a smoother road might be better 

for generating a realistic-looking scene. Replacing the polyline with Bezier 

curves can be a primary step. This framework can also take advantage of the arc 

road method given by Sewall, 2011 [13] and LSGA method from Nguyen, 2014 

[8] to acquire C1 continuous splines representing the road axes. Regarding road 

intersection, to control the buffer area generation, introducing raster data as 

auxiliary control references to the center and radius of inscribed circles to 

determine the shape of buffer areas can be a good solution. 
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To achieve real 3D modeling, once height data of each node along the roads are 

acquired from the auxiliary datasets, the road axes should be draped to a higher 

position thereby fit into terrains. Also, extra terms such as traffic lights, signs 

and pavements are also needed to display a more authentic scene. 

Regarding the rendering stage, first, to display the diversity of different road 

types, for example, highways, cycleways, stone paths, etc., different textures 

should be applied. Second, the texture on intersections should be more detailed; 

objects such as lane markings and pedestrian crossings around the intersection 

should be appropriately generated and placed by designing extra algorithms. 

5.1.2 Evaluation Improvement 

In this project, the evaluation method is relatively rough because as the 

generated meshes are stuck to flat ground, the topology test was simply 

conducted by checking the building situation of each node inside the network, 

and the quality is tested by comparing the generated model with the original 

road network in reality. Also, once a more generic modeling method is applied, 

more complex road networks in various patterns should be tested and compared.  

A more rigorous approach to evaluate the results is to export the generated 

meshes to appropriative tools like Mesh Topology Check6  to get a credible 

report of the details in the generation. Based on which one can take more factors 

into account while defining the completeness and correctness of the 

reconstruction. For instance, intersections have cracks on the conjunction part 

will be regarded as not connected with the associated road section. Besides, 

running agents like vehicles on the generated model is also necessary to 

demonstrate the framework meets the requirement of traffic simulation. 

    

                                                   

 
6 Mesh topology check:  

https://www.csimsoft.com/help/mesh_generation/mesh_quality_assessment/topology.htm 
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Appendix 1 Sample of input OSM XML file 

Sample OSM XML file of “Stockholm_Small”: 

 

Figure A.1.1 (a) The headings and way objects in “Arrow_Example”; (b) The node 

objects in “Arrow_Example” 

(a) 

(b) 
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Figure A.1.2 “Stockholm_Small” displayed in JOSM 
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Appendix 2 Original areas associated to the test files  

 

Figure A.2.1 Original area of “Stockholm_small” and “Stockholme_Sample” 

 

Figure A.2.2 Original area of “Paris_Center” 
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Figure A.2.3 Original area of “Beijing_Center” and “Beijing_Large” 
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