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Abstract: The 3D road network scene helps to simulate the distribution of road infrastructure and the
corresponding traffic conditions. However, the existing road modeling methods have limitations
such as inflexibility in different types of road construction, inferior quality in visual effects and poor
efficiency for large-scale model rendering. To tackle these challenges, a template-based 3D road
modeling method is proposed in this paper. In this method, the road GIS data is first pre-processed
before modeling. The road centerlines are analyzed to extract topology information and resampled
to improve path accuracy and match the terrain. Meanwhile, the road network is segmented and
organized using a hierarchical block data structure. Road elements, including roadbeds, road facilities
and moving vehicles are then designed based on templates. These templates define the geometric and
semantic information of elements along both the cross-section and road centerline. Finally, the road
network scene is built by the construction algorithms, where roads, at-grade intersections, grade
separated areas and moving vehicles are modeled and simulated separately. The proposed method
is tested by generating large-scale virtual road network scenes in the World Wind, an open source
software package. The experimental results demonstrate that the method is flexible and can be used to
develop different types of road models and efficiently simulate large-scale road network environments.

Keywords: 3D road modeling; road template; data pre-processing; geometric construction;
semantic information

1. Introduction

Road networks are one of the most important parts of infrastructure in modern cities [1].
The distribution of road networks has significant impacts on the regional environment and spatial
distribution of socioeconomic activities [2,3]. Road models play a crucial role in a variety
of scenarios including computer games, traveling navigation, autonomous driving and urban
planning/management. With the development of building information modeling (BIM) and virtual
reality (VR), the application of road network models has been further enhanced to better manage road
infrastructure and traffic conditions [4–6].

Road models have been traditionally generated manually using modeling software such as 3dMax
and Blender. However, a medium sized city may have hundreds of kilometers of roads that are widely
distributed over space. Manual modeling methods therefore require immense resources in time and
labor [7]. On the other hand, a vast amount of data has been collected and stored using geographic
information systems (GIS). Polylines are one of the most common methods to digitally represent
roadways and are relatively accurate and suitable for automatic 3D modeling [8].
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In recent years, automatic road generation has been studied by a series of scholars. Past research
has focused mainly on two methods: Tensor fields and parameterized modeling. The tensor field
method designs an underlying tensor field and edits the graph representing the street network.
The approach consists of using tensor fields to guide the generation of street graphs [9], which allows
the users to interactively edit the street graph by either modifying the underlying tensor field or
changing the graph directly. In the parameterized automatic modeling method, geometric features of
model components are extracted to form parametrized modeling knowledge [10]. These parameters
are parsed to generate geometric information of models, and then texture files are pasted to the surface
patches [11]. McCrae et al. studied sketch based road modeling [12,13]. It sketches 2D clothoid curves
and constructs road models based on them. Galin et al. proposed a procedural road generation method
based on the weighted anisotropic shortest path algorithm [14], and they later developed the method
with a high-level user control [15]. It focused on the road network planning to connect cities, towns and
villages over large terrains. Applegate et al. presented a sketch-based tool to semi-automatically create
road models [16]. This work analyzed the impact of the terrain on road modeling in detail. Wilkie et al.
studied large-scale traffic simulation [17]. They transformed road GIS data into road models and
created animations of a massive amount of vehicles. A high-fidelity road network modeling method is
proposed by Wang et al. [18], which discussed modeling of many basic road elements, such as road
segments, intersections and interchanges. Nguyen et al. studied road network modeling based on GIS
data [19]. It reconstructed the road surface and generated the road mesh matching terrain. Cura et al.
developed a unified framework to produce a coherent street-network model [20], which not only built
the road surface, but also considered traffic information and street objects [9].

Although the preceding methods made good contributions to the automatic modeling of road
networks, problems remain unsolved for large-scale road network simulation. First, these modeling
methods are only tailored for particular types of roads. In addition to being widely distributed over
space, the road network is also constantly changing and existing roads are frequently moved or
expanded. Different kinds of roads have different structures and appearances, but the key modeling
algorithms are similar [21]. Therefore, how to assemble different types of models in a flexible way is a
key problem to be solved. Secondly, the road models developed are not realistic enough. Most of the
existing automatic construction methods focused on the road surface modeling and neglected other
important components such as road facilities and vehicles. Meanwhile, the semantic information of the
road components is usually insufficient. Therefore, more complex geometric and semantic modeling
should be further studied. Third, the efficiency of large-scale road network simulation needs to be
further improved. A medium sized city may have hundreds of kilometers of roads and a main road
may cross many blocks. For high-fidelity road network simulation, constructing and rendering road
models of a massive scale directly will inevitably lead to poor efficiency [22]. Therefore, an efficient
method for road network simulation that considers the viewing situation should be studied.

In this paper, we address these challenges by proposing and developing a template-based 3D road
modeling method for large-scale road network simulation. This method is not intended to generate
a model for a single road, instead, it extracts modeling knowledge from GIS data and engineering
rules and generates road templates. The road templates, including road type, roadbed, road facility
and moving vehicles, are designed to control the modeling parameters. For different kinds of roads,
different templates are designed but the same modeling algorithm is reused. The method involves
three parts. First, the road GIS data is pre-processed before modeling. It is analyzed to extract the
topology information and resampled to match the terrain. Polylines are segmented and organized by
the hierarchical block data structure for efficient rendering. Secondly, the road template is designed
for high-fidelity road modeling. Different kinds of templates are created, which can be used to
build a complex road network scene. Thirdly, the road network is constructed by the modeling
algorithms. The various road elements including straight segments, curves, grade intersections and
grade separations/interchanges are modeled. Moving vehicles are also modeled to simulate the
traffic condition.
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The paper is organized as follows. Section 2 presents the framework of the proposed road network
model. Section 3 introduces the GIS data pre-processing. Section 4 describes the road template design
and the road modeling algorithms. The experiment and discussion of the proposed method are
presented in Section 5. Finally, Section 6 presents the conclusions and future work.

2. Methodology

Figure 1 shows the framework of the 3D road network modeling. The method is based on the
2D road GIS data, digital elevation model (DEM) data and engineering design rules. The road GIS
data used should contain accurate centerlines of the real road network. Detailed attribute information
including road name, type, lane count and lane width should also be included in the vector data.
The DEM data is integrated to compute the road’s grade. The resolution of the DEM data should be
better than 5 m to ensure the modeling accuracy. In civil engineering, road design is the determination
and arrangement of various elements of a road, including vertical and horizontal alignment, grades,
sight distances, widths, slopes, etc. To generate high-fidelity road models, these road design rules are
considered during road modeling.

The core idea of the method is to develop road design rules into various templates and build
high-fidelity road models based on them. The road templates include a road type template, roadbed
template, road facility template and moving vehicle template. In addition, before modeling the road
GIS data is checked using the topology analysis and resampled based on the terrain data for precise
modeling. Road polylines are also segmented and organized with a hierarchical block data structure
to allow efficient rendering of large-scale road models. Finally, the road elements including straight
roads, corner roads, grade intersections and grade separations are constructed based on geometric and
semantic information.
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Figure 1. Framework of the road network modeling [18]. 
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information and is not suitable for large-scale organization. As a result, the road GIS data has to be 
pre-processed before modeling. The data processing includes the topology analysis, road centerline 
resampling and road segmentation and organization. 
  

Figure 1. Framework of the road network modeling [18].

3. Data Pre-Processing

The road centerline data is the 2D simplification of the real road, from which vertices, widths,
lane counts, road type and other useful information can be extracted [23]. However, it lacks elevation
information and is not suitable for large-scale organization. As a result, the road GIS data has to be
pre-processed before modeling. The data processing includes the topology analysis, road centerline
resampling and road segmentation and organization.
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3.1. Topology Analysis

The road network connectivity information is important for accurate road modeling. In the GIS
data, roads are represented as 2D polylines. However, the road network topology is not explicitly
represented without analyzing adjacent segments. For example, two intersected polylines may be
identified as intersected or as grade separated roads. To expedite the automatic road generation process
and facilitate road navigation, an explicit representation of the road network topology is necessary.
The topology analysis method in [24] is employed to extract the network connectivity and save the
topology information as connecting nodes and links.

3.2. Road Centerline Resampling

Since only 2D positions (longitude and latitude) are recorded in the road polylines, local terrain
changes have to be considered for precise modeling. Consequently, the road centerline data is resampled
based on the DEM data. Figure 2 shows the sampling method of two types of road centerlines.
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3.2.1. Straight Road Sampling

As road centerline data only records plane information, it cannot represent the road’s vertical grade.
For example, a 2D straight road may be a ramp in the field. As a result, a dynamic detection method
is applied to sample straight polylines based on the DEM data as shown in Figure 2a. The specific
sampling steps are as follows:

(1) Take point A as the starting point and sample the straight polyline AB with a fixed distance d.
The plane coordinates of the i-th sampling point can be calculated:

Qi = A + (i − 1) ∗ d ∗
→

AB/
∣∣∣∣∣ →AB

∣∣∣∣∣ (1)

(2) Obtain the DEM data and calculate the terrain position Pi corresponding to Qi.
(3) Calculate all the terrain sampling points in segment AB.
(4) Compress the sampling points according to the farthest feasible point (FFP). This approach is

based on a data compression algorithm [25], which can maintain the line shape with minimal vertices,
reducing the size of the data while ensuring sampling accuracy.

3.2.2. Corner Road Sampling

Corner roads are the curved part of a road in a small area. These roads are simplified into sharp
corner polylines in the GIS data and must be resampled and smoothed as circular arcs. The basic idea
of the corner road sampling is to calculate the sampling points in the local coordinate system and
project them to the global coordinate system as shown in Figure 2b. The corner segment consists of
segment AC and BC, and the angle is α. The specific sampling steps are as follows:
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(1) Split the corner road into three parts: Segment AE, ECF and FB. The vertex E and F are

determined through
∣∣∣∣∣ →EC

∣∣∣∣∣ = ∣∣∣∣∣→FC
∣∣∣∣∣ = l. The value l is a fixed distance.

(2) Create a circular arc to fit the corner ECF. The arc radius is R and the circle center is o.
(3) Establish a local plane coordinate system containing point A, B and C. The origin of the

coordinate system is o, the y-axis direction is
→

oE/
∣∣∣∣∣→oE

∣∣∣∣∣ and the x-axis is perpendicular to the y-axis and

points to point C.
(4) Take point E as the start point and sample new points at the interval of the certain angle θ.

The arc sample point collection {Qi} can be calculated:{
xi = R ∗ cos(i ∗ θ)
yi = R ∗ sin(i ∗ θ)

1 ≤ i ≤ Floor((π− α)/θ) (2)

where Floor is a function that rounds down to the nearest integer.
(5) Transform the plane coordinates into global Cartesian coordinates. The Bursa-Wolf 7 Parameters

Transformation [26] is applied to compute the geometric coordinates.

→

Q′i =
→

O + xi ∗
→

X ∗ scaleX + yi ∗
→

Y ∗ scaleY (3)

where
→

O is the Cartesian coordinate of the circle center o, (xi, yi) is the 2D coordinates of point Qi,
→

X and
→

Y are the direction factors, and scaleX and scaleY are the scale factors.
(6) Transform the global Cartesian coordinates into spherical coordinates.

rho =
√

X2 + Y2 + Z2

longitude = arctan(Y/X)

latitude = arcsin(Z/rho)
(4)

(7) Obtain the DEM data and calculate the terrain points {Pi}.

3.3. Road Segmentation and Organization

Since urban road networks are large scale and intricate, high-fidelity road network simulation that
directly constructs and renders these models will inevitably lead to poor efficiency. However, a main
road is usually very long and crosses several blocks along the street. Modeling the entire road is
unnecessary since only parts of it will be within view in small scale situations. In a virtual globe,
spatial data are usually managed and visualized using a tiled pyramid constructed with the aid of
discrete global grids [27]. As a result, the road network is segmented into small parts and organized
with a hierarchical block data structure before modeling.

The road parts are divided into three types: Intersections, bridges and general road segments.
A sample is shown in Figure 3, with the red parts representing road intersections, the yellow parts
representing bridges and the blue parts representing general roads. Using the results of the topology
analysis and road centerline sampling, the data segmentation steps are as follows:

(1) Extract the intersection’s location. Obtain the center point of the intersection and record the
edge feature points according to the adjacent vertices.

(2) Extract the grade separation. The grade separation can be detected by the topology analysis,
and the upper segment is determined by the height attribute and terrain data.

(3) Segment other road polylines. Set a fixed distance and divide a polyline into several small
polyline parts.
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Figure 3. Hierarchical block data structure.

After segmentation, the road parts can be easily organized by quadtree tiles as the real width of the
road is relatively small. The minimum visual level of the road (L) can be used to determine which road
parts to load based on a pyramid structure. When the pyramid level is L, the envelope of each road
part can be calculated according to the centerline vertices. The coordinates of the envelope’s vertices
are stored as longitude and latitude, and the tile that each road part belongs to can be calculated using
the following equations: {

row = Floor((90− lat) ∗ 2L/180)
colume = Floor((180 + lon) ∗ 2L/180)

(5)

Therefore, the road parts are stored in different quadtree tile files according to the intersection
envelope. As a road part may cover several tiles, it can be stored in different tile files. Repeated
loadings can be avoided by judging the loaded road part ID. When the pyramid level is above L,
the tiles in level L corresponding to the tiles in the current level are calculated. As a result, all the road
parts in the view range are loaded.

4. Road Network Modeling

In this section, the 3D road network model is automatically constructed with the road tile
data, road template and rule-based modeling algorithm (Figure 4). In order to achieve flexible road
construction, different road type templates and road element templates are designed. Each template is
stored as an XML file. Single road, at-grade intersections, grade-separated intersections, and vehicle
animations are considered with special construction methods.
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4.1. Road Template Design

In road construction engineering, the road design rules are essential to determine every parameter
of a road, including the road level, width, slope, cross section, intersection, separation and traffic
facility [28]. In order to construct different types of road models flexibly, the design rules are packaged
into different templates that can be reused. The road template types include the road type, roadbed,
road facility and moving vehicle template.

4.1.1. Road Type Template

The road type template is a main template to define a type of road. It is used to group other
related component templates together. For example, the expressway template describes the standard
expressway information and includes the expressway roadbed, facility and moving vehicle templates.

4.1.2. Roadbed Template

The roadbed template stores geographic and layout information on the road’s cross-sectional
design. A roadbed cross-section is a surface perpendicular to the direction of the road centerline
that shows the roadway’s carriageway, foot path, median strip, etc. Depending on the road type,
the roadbed cross-section will be different, and some components may not be present. Figure 5 shows
a standard roadbed cross-section.
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}
, {Si}

∣∣∣∣i = 1, 2, . . .m. j = 1, 2, . . . n
}
, where Ci is the geometric

coordinates, T j is the texture, V j is the V value of the texture coordinate, and Si is the semantic
information. A local 2D coordinate system is built, origin o is the vertex of the road centerline, axis x is
perpendicular to the carriageway and axis y is parallel to the carriageway. The plane coordinates of the
cross-section are stored where the x value is the depth and the y value is the width. In order to achieve
accurate texture mapping, the texture path and V value of the texture coordinate is stored. As the
road model applies repeat texture mapping, the U value of the texture coordinate should be calculated
depending on the road length. The semantic information records specific attribute information for
each component, such as the lane count and lane width.

4.1.3. Road Facility Template

A high-fidelity road modeling solution should not only generate the roadbed but also integrate
relevant facility elements. These include green facilities, such as road trees and green belts; traffic
safety facilities, such as barriers and isolation zones; and roadside facilities, such as street lights and
signs. We extract the general characteristics of the traffic facilities and apply the template technique to
describe them.
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Figure 6 shows a cross-section of a typical road and distribution of the road facilities.
{{Mi, Li, Di}, {Si}|i = 1, 2, . . . t} denotes the road facility template, where Mi is the facility model, Li is
the position of Mi, Di is the distribution of Mi, and Si is the semantic information. The distribution
of individual elements can be further expressed as

{
(gap, mark)

}
, where gap is the repeat distribution

distance and mark is the visible mask. The facility models will be flexibly laid along the road path
according to the road facility template. The semantic information records specific attributes for each
facility, such as its type and parameters.
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4.1.4. Moving Vehicle Template

Vehicles are important components of urban traffic systems, but their behavior is dynamic and
complicated. In the real world, many different kinds of vehicles are present, and each vehicle has
unique characteristics that must be defined and stored by the template.

{
(M, Li, S)

∣∣∣i = 1, 2, . . . t
}

denotes
the moving vehicle template, where M is the vehicle model, Li stores the lane line positions and S is
the vehicle speed.

4.2. Road Modeling Method

The modeling algorithms used ultimately depend on the road network’s configuration,
and different models are used to construct the road network scene to improve the efficiency. Three types
of modeling are used: Single road modeling, intersection modeling and vehicle animation modeling.

4.2.1. Single Road Modeling

Single road modeling is used to construct the roadbed and facilities for sections where single
roads are present. As the road facilities are loaded from manual models, the modeling method
concentrates on the roadbed construction and includes two components: Road mesh construction and
texture mapping.

Road Mesh Construction

The road mesh is constructed based on the road centerline and roadbed cross-section template.
Depending on the road type, different cross-section templates are applied. The road triangle mesh is
built along the road centerline using the roadbed template.

Figure 7 shows the roadbed mesh construction. The symbol
{
P j

∣∣∣ j = 1, 2, . . . n
}

represents the
sampling point of the road centerline and {Ci|i = 1, 2, . . .m } represents the feature point collection of
the cross section. The specific mesh construction steps are as follows:

(1) Establish a global Cartesian coordinate system O-XYZ. The origin is defined as the center of
the Earth, so the Cartesian coordinates of point Pj can be calculated:
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X = R ∗ cos(lat) ∗ cos(lon)
Y = R ∗ cos(lat) ∗ sin(lon)
Z = R ∗ sin(lat)

(6)

(2) Establish a local Cartesian coordinate system O-X’Y’Z’. The origin O is the point Pj
in the road centerline, the Z’-axis direction coincides with the Z-axis direction of the global
coordinate system and the Y’-axis direction is the direction of PjPj+1. So the X’-axis direction is

di = (
−−−−−−−−→
Pi+1 − Pi ) ⊗

→

Z/

∣∣∣∣∣∣−−−−−−−−→Pi+1 − Pi

∣∣∣∣∣∣ , where ⊗ is the cross product of the two vectors.

(3) Calculate the coordinates of the cross-section points in O-XYZ:

Ci = Pi + Ci.x ∗ di/cos(θ) + Ci.y ∗
→

Z (7)

(4) Construct the roadbed mesh based on the Delaunay algorithm [29].
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Road Texture Mapping

Texture mapping makes the 3D model look more realistic [30]. The set
{
(T j, U j, V j)

∣∣∣ j = 1, 2, . . . n
}

is used to describe road textures. The cross-section template is used to define the texture path and
value of the texture coordinate. As shown in Figure 8, D is the base value that defines the repeat
interval for the texture mapping and the L denotes the distance of PjPj+1. The texture coordinates of
point Ci’ can be calculated according to the following equation:{

C′i .U = Ci.U + L/D
C′i .V = Ci.V

(8)
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4.2.2. Intersection Modeling

Intersections are the road connection joints where two or more roads cross over each other. It is
the central transport hub for public transport and a key interaction point for pedestrians. Intersections
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can be divided into two types based on their geometric characteristics: At-grade intersections and
grade separated intersections. An example is shown in Figure 9.
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At-grade Intersection Modeling

At-grade intersections can further vary depending on the number of intersecting roads and the
intersection’s design. Common layouts include three-way intersections, four-way intersections and
roundabouts. This section focuses on the automatic modeling for the four-way road intersection
(Figure 9a) as three-way intersections and roundabouts are modelled using a similar approach.
The specific modeling steps of the four-way intersection are as follows:

(1) Extract the road line AB, line CD and the joint O.
(2) Calculate the intersection feature points according to the road parameters. Point M, N, P and

Q are the feature points.
(3) Construct the road model AM, BN, CP and DQ based on the method of single road modeling.
(4) Compute the curve feature points connecting two straight roads. Curve EF is one of the corner

segments. The feature points of curve EF can be computed by the sampling method in Section 3.2.2.
(5) Build the intersection center part using the triangle mesh construction. Construct the

intersection mesh based on four corner curves and center points. The four-way intersection mesh is
shown in Figure 10.

(6) Map the intersection mesh with corresponding textures.
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Grade Separated Intersection Modeling

Grade separated intersections also frequently occur in modern cities. In grade separated
intersections, the upper and lower roads are independent and traffic on one road does not directly
interfere with traffic on the other. The key aspect when modelling these intersections is to determine
which road is the upper road and to then generate a bridge for this road. Figure 9b shows the separate
intersection modeling method. The specific construction steps are as follows:

(1) Extract road lines AB and CD.
(2) Calculate the separation feature points according to the road’s parameters. Point M, N, P and

Q are the feature points.
(3) Obtain the DEM data and identify the upper and lower roads. Get the elevation of segment AM,

BN, CP and DQ, and distinguish the upper road by the attribute information and elevation comparison.
(4) Construct the road models of AB and CD based on the method of single road modeling.
(5) Build piers for the upper road and determine the intervals based on the elevation information.

4.2.3. Vehicle Animation Modeling

Realistic vehicle animation depends primarily on an accurate update of the direction and position
of the vehicle in real time. Since the driving path is recorded in the moving vehicle template, vehicle
positions and directions can be calculated as they change with time (Figure 11) using the equations

shown in Equation (9). In this equation the direction of the vehicle,
→

D, is determined from the segment
on which the vehicle is driving on, PjPj+1. The vehicle’ position in the next frame, Pj,k+1 is determined
based on the vehicle’s speed, v, and its position in the current frame, Pj,k.

→

D =
−−−−−→
P jP j+1

−−−−→
P j,k+1 =

−−→
P j,k + v ∗ ∆t

(9)
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5. Experiment and Discussion

To test the performance of our 3D road network modeling method, a comprehensive experiment
using real data from Taiyuan, China was conducted. The experiment area covers approximately
180 square kilometers. The area covers longitudes ranging from 111.5◦ to 113.15◦ and latitudes ranging
from 37.45◦ to 38.417◦. The road GIS data was obtained from a shapefile containing 1157 roads stored as
polylines. In addition to the spatial information, the polyline data also included attribute information
containing road names, types, levels, widths and lane counts. The DEM data with a resolution of
5 m was used for data pre-processing. The road network modeling was conducted in reference to
urban road engineering standards in China. The GIS data was processed, modeled and rendered
using the World Wind (.NET Version) [31]. Reported results have been measured on an Intel Core
i5-6400 @2.70 GHz (4 CPUs) PC with 8 GB of core memory and an NVIDIA GeForce GT 730 with 2 GB
of memory.

5.1. Experiment Result

Figure 12 shows the automatic road network modeling system developed based on World Wind.
The system includes three parts: A toolbar, layer manager sidebar and the main virtual globe window.
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The recommended procedure for using the developed platform consists of three steps. First, users load
the original road GIS data, which is then automaticlly processed into the quadtree based tile structure
described previously. Second, the modeling road templates are loaded. The experiment implements
three kinds of road templates: Simple roads, normal roads and expressways. Custom templates
can also be specified to define different road parameters. Third, the road models are automatically
constructed for large-scale road network simulation.
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Figure 13 shows the road modeling effects and highlights the effect that different road templates
have when applied to road modeling. Figure 13a shows the straight road modeling using the normal
road template. The model includes a green belt, barrier and moving vehicles that were constructed
using the template. Figure 13b shows the road corner modeling using the simple road template.
The generated model includes street lamps and moving vehicles. Figure 13c,d show the three-way and
four-way intersections separately. A complete intersection including zebra lines for pedestrians are
clearly modeled. Figure 13e shows the grade separation modelled across multiple intersections by
different road templates. Figure 13f shows the expressway ramp modeling. The adjacent ramps are
constructed to simulate the entrance and exit of the expressway.

The road modeling effect is compared with the real street view map of Baidu in Figure 14. This road
is a two-way two-lane road with road facilities such as green belts, street lights, roadside trees and
fences. In our method, the road surface is built by mesh construction and texture mapping, the road
facilities are modeled by cross section and transverse distribution design. As vegetation changes in
size over time, the simulated vegetation facilities may not be consistent with the real scene. Despite
some differences in facility size, our road modeling approach can relatively accurately represent the
various elements in the 3D road network scene.
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changes, the hierarchical block based appraoch is applied to improve the rendering efficiency. In this 
experiment, the simple road template is applied to render the road network in the urban area. The 
minimum model visibility level is set to be 16 which is used to determine which road polylines should 
be displayed according to the pyramid structure outlined previously. As the rendering performance 
is associated with both the viewing distance and the vertical scaling, the vertical scaling is fixed at 
one to evaluate the rendering efficiency in a different level. The rendering efficiency experiment 
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(c) three-way intersection modeling; (d) four-way intersection modeling; (e) grade separation modeling;
(f) expressway ramp modeling.
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Figure 14. Road modeling effect comparison: (a) Our modeling effects; (b) real street view map.

A large-scale road network is simulated using the road modeling and organization approach
outlined in previous sections. A sample of the result is shown in Figure 15. As the camera position
changes, the hierarchical block based appraoch is applied to improve the rendering efficiency. In this
experiment, the simple road template is applied to render the road network in the urban area.
The minimum model visibility level is set to be 16 which is used to determine which road polylines
should be displayed according to the pyramid structure outlined previously. As the rendering
performance is associated with both the viewing distance and the vertical scaling, the vertical scaling is
fixed at one to evaluate the rendering efficiency in a different level. The rendering efficiency experiment
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results are shown in Table 1. The memory amount and frames per second (FPS) are used as the
benchmarks to evaluate the rendering efficiency. When the pyramid level is increased, the view range
becomes smaller, so fewer road parts are modeled in the scene, resulting in lower memory occupancy
and higher FPS. The rendering FPS of the road network models is above 30 and the memory amount is
below 800 MB. These results highlight that the method can be used to efficiently realize large-scale
road network simulation.
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Table 1. Large-scale road network rendering results.

Pyramid Level Road Parts Memory Amount FPS

16 79 761 MB 32
17 44 632 MB 43
18 27 558 MB 50
19 14 487 MB 54

5.2. Discussion

When compared to the road modeling method proposed by Wang et al. [18], our method provides
three main advantages: (1) The template-based automatic modeling method provides flexibility to build
different types of roads. The default configuration includes templates defined for simple roads, normal
roads and expressways, but users can customize the templates as needed. (2) The road modeling
includes more details, such as the roadbed, road facilities and moving vehicles. The road facilities
and moving vehicles enrich the road network scene to and make the simulation look more realistic.
Semantic information helps to distinguish each part of the road and get useful attribute information.
(3) It supports large-scale road network simulation. The rendering for large-scale road network models
is efficient and a good performance can be achieved.

The method was designed from the beginning to provide automatic road network modeling based
on the minimum information (road GIS data) required. Although civil engineering principles are
utilized in this research, it is worth mentioning that the real road network is more complex. The road
template is designed to generate the regular road network scene. It is also important to note that the
road GIS data does not provide complete information that is needed to generate 3D road models in
complex cases. For example, without accurate elevation information, it is difficult to determine the
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relative vertical locations of different ramps at a highway interchange. Therefore, more information
should be integrated to improve the modeling accuracy.

6. Conclusions and Future Work

To realize flexible modeling for different types of roads and achieve large-scale road network
simulation, we have proposed a template-based 3D road modeling method. The approach uses road
GIS data, DEM data and the engineering design rules to create accurate and realistic models. The GIS
data is pre-processed to improve the accuracy of road paths and is restructured to organize large
amounts of data efficiently. Road templates, including the road type, roadbed, road facility and moving
vehicle templates are then designed to control the modeling parameters. Different templates are
designed for different kinds of roads and settings. Finally, the road network is automatically generated
by modeling algorithms. Individual road elements including straight roads, corner roads, at-grade
intersections and grade separated areas are modeled separately. The experimental results demonstrate
that our method can be used to efficiently generate large-scale high-fidelity road network simulations.

In the future, more complex road scenes such as highway interchanges and tunnels need to be
studied. In these situations, GIS and terrain data are not sufficient to build high-fidelity models. As a
result, other data including the LIDAR data, GPS data and crowdsourcing data should be integrated
for accurate modeling [32–36]. The modeling effects and efficiency can be further improved. Our road
modeling method is expected to be extended for collaborative road design [20,37]. Such automatic
road modelling could be used as ground truth for the next step and interactive editing is applied to
adjust the local detail design.
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