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Abstract 
The expressway is necessary for the development of the modern transporta-
tion industry, and the level of expressway construction reflects the overall 
grade of national or regional economic development. In order to process the 
expressway road property data information, based on the current mainstream 
Windows operating system, this study utilizes Geographic Information Sys-
tem (GIS) development technology, road video processing technology, and 
spatial data mining method to design and develop an expressway video and 
road infostructure GIS data production system. The system designs a mul-
ti-layer distributed application model in accordance with the ideas and me-
thods of GIS engineering and the characteristics of road production data. In 
addition, according to the characteristics and specification requirements of 
basic geographic data, the road production database of spatial data and 
attribute data integrated storage is constructed by combining database and 
spatial data engine. Through the development of the GIS data production 
system for expressway video and road infostructure, various functions such as 
generation of road property data, dynamic management of road infostruc-
ture, and visualization of spatial information have been realized. The system 
focuses on improving the production efficiency and automation level of ex-
pressway production data and meets the construction requirements for mod-
ernization, informatization, and intelligence of expressways. 
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1. Introduction 

For more than thirty years since China began to develop expressways, the coun-
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try’s expressways had reached 150,000 kilometers by 2020, making them the 
largest expressway network in the world. With the continuous acceleration of 
China’s expressway construction process, expressway road property data dem-
onstrate more massive and complex characteristics [1]. Therefore, the highway 
data production systems at a general level have been unable to meet the needs of 
expressway construction; rather, they impose higher requirements on the mea-
surement work in the process of highway construction [2]. Besides, the require-
ments of modernization, informatization, and intelligent management of ex-
pressways have also promoted the development of new expressway data produc-
tion systems [3]. 

In recent years, GIS technology has been widely adopted, which is closely re-
lated to the expressway data production and information management. GIS spa-
tial databases are used for real-time dynamic management of graphic data and 
attribute data, as well as mining data’s deep connection, so as to realize standar-
dized management and scientific decision-making of expressways [4]. This study 
addresses the requirements of information processing of road property data; 
gives full play to the spatial data organization capability, spatial information 
calculation capability, and geographic knowledge service capability of GIS [5]; 
and establishes a set of intelligent, efficient, and scientific expressway data pro-
duction system, so as to improve the work efficiency, work quality and automa-
tion level of operators and help managers make informative and scientific deci-
sion-making [6]. 

The rest of this article is structured as follows: Section 2 presents the overall 
architecture of the expressway video and road infostructure GIS data production 
system. Section 3 describes the key technologies used in the system development. 
Section 4 discusses the functions and implementation of each module of the sys-
tem. Finally, Section 5 offers the conclusion of the study as well as the outlook. 

2. System Architecture 

After investigation and analysis of the existing demands in expressway data 
production, this system is developed and implemented based on a GIS platform 
using Windows application development technology, while a relational database 
is used to store relevant data. The system aims to establish an expressway data 
production platform to realize such functions as road property data classifica-
tion, video configuration management, video track fusion, video fusion cutting, 
and video problem checking and repair, so as to help field staff handle on-site 
data collection in a highly efficient and automatic manner. 

The architecture of this GIS data production system for expressway video and 
road infostructure is shown in Figure 1, which can be mainly divided into four 
layers, i.e., infrastructure layer, data service layer, software service layer, and user 
layer. The basic information is collected through various hardware and devices 
in the infrastructure layer and stored in a database through data transfer. Pro-
duction operators can organize the basic road property data and generate ex-
pressway GIS data after the data are processed. By analyzing the expressway GIS  
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Figure 1. System architecture. 

 
data, scheduling administrators can obtain the status of road infostructures and 
data collection errors promptly, thus facilitating the scheduling management. 
Leaders at all levels can use GIS knowledge service capability to deliver dynamic 
management and decision-making. 

Through the design and development of multi-layer distributed architecture, 
this system is composed of expressway video GIS data production subsystem and 
road infostructure GIS data production subsystem. The system functional mod-
ules are shown in Figure 2. The main functions of the expressway video GIS da-
ta production subsystem include data configuration, track processing, video 
processing, and video restoration. The main function of the expressway road in-
fostructure GIS data production subsystem is road property data processing and 
position offsetting. 

3. Key Technologies 

The GIS data production system for expressway video and road infostructure 
adopts the following components: .NET Framework 4.6.1 as the system devel-
opment platform, WPF (Windows Presentation Foundation) interface design  
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Figure 2. System function modules. 
 
framework, Geodatabase data model, Access database management system, GIS 
secondary development component ArcGIS Engine, and Visual Studio 2019 as 
the integrated development environment. The key technologies involved in-
clude: Windows application development, GIS secondary development, spatial 
database, map service, video processing, etc. 

3.1. Windows Application Development 

WPF framework is the basis for the presentation of Windows applications and 
enables the separation of interface design and backend development, thus pro-
viding a multimedia interactive user graphical interface. Using XAML language 
to describe UI, WPF can implement complex elements through template nesting 
and realize business logic for data via a complete data binding mechanism, thus 
better separating data from the interface. The system also uses the MVVM 
(Model-View-ViewModel) pattern to develop WPF. The MVVM pattern adopts 
ViewModel to reduce the coupling between View and Model, i.e., to diminish 
the coupling between view interface and business logic, so as to cope with vari-
ous complex changes in the requirements. The MVVM pattern’s architecture is 
shown in Figure 3.  
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Figure 3. The MVVM pattern architecture. 

3.2. GIS Secondary Development 

GIS secondary development is purposed to develop applications for different 
objects based on the existing GIS software. Released by ESRI, ArcGIS Engine 
Development Kit is a component-based software development product and is 
the core function library for the entire ArcGIS software in building and deploy-
ing customized GIS and mapping applications. ArcGIS Engine consists of a de-
velopment package and a runtime library with the core components required by 
GIS applications. It provides a wide range of data interfaces, including vector 
data, raster data, road infostructures for map creation, and thematic map capa-
bilities. Based on the secondary development of GIS components, this system 
uses ArcGIS Engine to establish a basic map browser and a comprehensive and 
dynamic GIS editing tool. To meet the requirements of expressway road proper-
ty data production, the system is further extended with ArcGIS Engine compo-
nents and APIs to build more applications needed. The secondary development 
based on ArcGIS Engine can boost the development efficiency, while making the 
applications reliable and easy to transplant and maintain. 

3.3. Spatial Database 

The spatial database is the core of the GIS data production system for express-
way video and road infostructure. Whether the design of the spatial database is 
efficient, stable, and secure would directly affect the development and applicabil-
ity of the GIS data production system [7]. Proposed by ESRI, Geodatabase data 
model is a geographic data model that can be used for editing and managing da-
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ta. It organizes geographic data into data objects in a hierarchical manner, with 
its object hierarchy shown in Figure 4. Geodatabase data model realizes the uni-
fied storage of spatial data and attribute data, while providing a more intelligent 
representation of geospatial elements with better scalability [8]. Specifically, this 
system adopts the Personal Geodatabase of Geodatabase data model and uses 
Access database as its data storage medium. 

For database-related operations, this system implements the Entity Frame-
work, an Object Relation Mapping (ORM) framework proposed by Microsoft, 
much suitable for .NET development. Working between a business entity and a 
database, the Entity Framework can save data from entity properties to a data-
base, retrieve data from the database, and automatically convert them into entity 
objects. And it can process data through .NET objects, without need to pay at-
tention to the basic database that stores the data. By separating the database de-
sign from the domain object design, it makes programs more scalable and 
maintainable [9]. 

3.4. Map Service 

Expressway road property data includes multimedia data, attribute data, vector 
data, etc. This system uses ArcGIS Engine to load map services on ArcGIS Server 
in the system. In this process, the connection attributes are set first, then a server 
connection workspace is created to obtain the server connection, later the name 
object is obtained according to the name of the data object, and finally the map 
service from the name object is acquired [10]. This system realizes the dynamic 
presentation of basic data and the generation of GIS road property data through 
map services. 

3.5. Video Processing Technology 

As an important part of expressway field survey results, video data contains the 
attribute information and spatial information about expressway main lines, and 
road infostructures. It plays an important role in the management and application  
 

 
Figure 4. Object hierarchy of Geodatabase data model. 
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of expressway property data. Therefore, video processing technology is critical 
for the expressway video GIS data production subsystem [11]. This system calls 
FFmpeg.NET bottom library to read, write, and process videos. FFmpeg is a set 
of open-source computer programs to record and convert digital audio and vid-
eo into streams under the LGPL or GPL license. In this system, FFmpeg is used 
to encode, decode, separate, cut, and merge the video data collected by the ex-
pressway field collection vehicles. It can also capture real-time video streams, 
convert, and adjust videos at arbitrary sample rates [12]. 

4. System Implementation 

The GIS data production system for expressway video and road infostructure is 
tailored to the application requirements of the intelligent transportation era. By 
processing expressway data such as navigation data, video data, and road vector 
data, it forms a system that can carry out daily management, rapid update, and 
intelligent processing of expressway GIS data. The GIS data production system 
for expressway video and road infostructure consists of two subsystems: The 
video GIS data production subsystem completes video data processing, tracks 
fusion, and makes other operations; and the road infostructure GIS data produc-
tion subsystem transfers the post-processed of road property data into the li-
brary. 

4.1. Expressway Video GIS Data Production Subsystem 

The expressway video GIS data production subsystem mainly includes the func-
tion modules for video configuration management, track processing, and video 
processing. By establishing the video GIS data production subsystem, this study 
realizes the intellectualization and standardization of the corresponding binding 
between expressway videos and facilities along the line, track fusion and correc-
tion, video fusion and inspection. 

4.1.1. Video Configuration Management 
The purpose of video configuration management is to determine the correspon-
dence between different groups of video files and track files and the road, ramps, 
toll stations, entrances, and exits, as well as the observation position. The tech-
nical flow of the video configuration management module is shown in Figure 5. 
Operators can import the list of field data collected into the system; manually 
bind and unbind video files and specific toll stations, service areas, and ramps 
through video playback and map synchronization tracks; and then determine 
whether each group of videos originates from the left-, right- or front-view cam-
era. Each collection forms an engineering record of video files bound to struc-
tures and routes are stored in the database. The system interface for the video 
configuration management module is shown in Figure 6. 

4.1.2. Track Fusion and Correction 
Expressway videos are taken by the left, right, and front cameras. This module  
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Figure 5. Video configuration management flowchart. 
 

 
Figure 6. Video configuration management interface. 
 
merges the tracks taken by the three cameras into one track. During fusion, the 
points where the error of a single camera exceeds the limit are eliminated, and 
the time points of photos and tracks are unified according to real videos and 
time phases of GPS acquisition points. Use road data to correct for large error 
overrun tracks that occur in such areas as tunnels and bridges. The flow of the 
track fusion and correction module is shown in Figure 7. 

Operators can fuse the tracks under each field project by a rule using the field 
project, the road layer referenced by the project, the road number, and the list of 
track check questions. The track files from the three shots of each project are 
first readout; then the time points at which the three devices acquired the GPS 
tracks are checked, and finally, a uniform time series is formed in a chronological  
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Figure 7. Track fusion and correction flowchart. 
 
order. Then check the track file of each device according to the unified time se-
ries, and mark the time point as the acquisition point or interpolation point. At 
last, the system compares the three-track files, takes the average value of the ac-
quisition points and interpolation points at the same time point as the coordi-
nates of the time point, and connects the corresponding photos and shooting 
angles of each point, as well as the corresponding route number, travel direction, 
and pile number or structure number according to the configuration file. The 
interface of this module is shown in Figure 8. 

4.1.3. Video Fusion and Cutting 
The video fusion and cutting module can splice and merge multiple videos, and 
then cut out for interchange ramps, service areas, tunnels, bridges, and toll sta-
tions based on the range of the starting and ending points. The flow of this 
module is shown in Figure 9. Operators can read the data configuration of the 
database and combine the video files and the road layers to fuse and splice mul-
tiple videos. Then the overlapping parts and the parts beyond the route after 
video fusion are cut. Besides, in combination with the dynamic track of maps, 
the starting and ending points can be manually selected from the road layers for 
cutting preview and video output. The interface of the video fusion and cutting 
module is shown in Figure 10. 

4.1.4. Video Inspection and Restoration 
The video inspection and restoration module is purposed to check problems and 
control the quality of video data. This system automatically inspects whether a 
video has lost frames, stopped frames, etc., and then import quality control files 
to provide a basis for later quality processing. The individual frames from the  
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Figure 8. Track fusion and correction interface. 

 

 
Figure 9. Video fusion and cutting flowchart. 

 
complementary project are then inserted and replaced with the original video 
according to the inspection log, and the stop-frame and reverse-frame videos are 
removed with their GPS tracks before the videos are outputted. The flow of the 
video inspection and restoration module is shown in Figure 11. 

Operators can import the video problem checklist and compare it with the 
error information contained in the video files resulting from the system check. 
Then, operators check or correct the checklist and re-upload and save it in the 
database. Finally, the video errors are fixed in frames according to the check  
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Figure 10. Video fusion and cutting interface. 

 

 
Figure 11. Video inspection and restoration flowchart. 
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records. For the lost frames and wrong frames, the complementary videos and 
complementary tracks are selected to retrieve the video frame segments in the 
same or adjacent positions of the complementary videos on the basis of the 
shooting time, and locations of the problematic videos listed in the check ques-
tion. Then, the original picture is replaced, and the track points and shooting 
time of the newly inserted videos are configured in the database; finally, the re-
placed videos and track files are outputted. For the problems of stop-frames and 
reverse frames, the wrong frame segments and tracks are deleted according to 
the video information in the check record table. At last, the repaired files are 
outputted. The interface of the video inspection and restoration module is 
shown in Figure 12. 

4.2. Expressway Road Infostructure GIS Data Production  
Subsystem 

The expressway road infostructure GIS data production subsystem takes gan-
tries, signages, variable information boards, electromechanical facilities, and toll 
station entrances and exits as the main management objects, so as to realize re-
fined and dynamic management of expressway road infostructures by separating 
various components from road property data, editing attributes, and saving data. 
The expressway road infostructure GIS data production subsystem mainly cov-
ers the functions for processing of road property data as well as toll stations’ en-
trance and exit position offset. 
 

 
Figure 12. Video inspection and restoration interface. 
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4.2.1. Road Property Data Processing 
Expressway road property data include two types: the single road property, such 
as signages, information boards, cameras, and other facilities; and the composite 
road property, such as gantries and toll stations, which includes several single 
road property facilities. To process an item of composite property, operators 
should import the point element data and photo data for the property, and then 
edit the property attributes and save the data. Besides, the data about composite 
road property containing other facilities’ information would require the compo-
nent separation operation. Specifically, the operation is to take screenshots of the 
component facilities within composite road property photos, and then save the 
component pictures, element data, and attribute data to the database. Operators 
will obtain separate signages, information boards, and cameras when collecting 
expressway infostructure, with separate attribute editing and data storage for 
such data. Figure 13 shows the workflow of the road property data processing. 
Figure 14 illustrates the interface of road property data processing with a gantry 
as an example. 

4.2.2. Toll Stations’ Entrance and Exit Position Offset 
Among the data collected in the field, the toll stations’ entrance and exit data, 
toll station point data, and road data will shift according to the site conditions; 
and operators need to correct the deviation of the toll stations’ entrance and exit 
position. According to the toll station data for buffer-zone analysis, operators 
select the toll stations’ entrance and exit data within one hundred meters from  
 

 
Figure 13. Road property data processing flowchart. 

https://doi.org/10.4236/ijg.2021.121003


Y. Liu et al. 
 

 

DOI: 10.4236/ijg.2021.121003 36 International Journal of Geosciences 
 

 
Figure 14. Gantry road property data processing interface. 

 

 
Figure 15. The interface of toll stations’ entrance and exit position offset. 

 
the station for attribute modification and manual position correction, and finally 
save the corrected data. Figure 15 shows the interface of toll stations’ entrance 
and exit position offset. 

5. Conclusions 

As the major infrastructure for national economic and social development, ex-
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pressways have a growing demand for information construction. With a wide 
range of expressway data sources and a large amount of information, how to 
synthesize application analyses and present system functions intuitively and 
conveniently becomes a focus of the current research. By using GIS technology 
to achieve integrated management of expressways with massive storage data and 
powerful graphical operations, it is possible to provide timely and convenient 
access to the information on expressway road infostructures, so as to deliver 
more scientific and transparent expressway construction and management. By 
taking the unique advantages of GIS and spatial data mining methods, this study 
designs and implements GIS data production system for expressway video and 
road infostructure. This system realizes an automated mechanism for processing 
and producing data on expressway road property, and it can easily manage the 
road data processing operations in a timely and effective manner. 

The functions of this GIS data production system for expressway video and 
road infostructure cover all aspects of processing and production the expressway 
video data and road infostructure data. This system has already gone live, and is 
running stably with effective functions. It improves the processing capability of 
expressway data production and provides a powerful tool for scientific deci-
sion-making by highway management departments. In the future, the research 
on spatial information mining and analysis will be further strengthened, and the 
current system’s inherent advantages will be leveraged to promote the integra-
tion between expressway data resources and construction management. 
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