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Abstract: Informatization is an important trend in the field of mountain highway management,
and the digital twin is an effective way to promote mountain highway information management
due to the complex and diverse terrain of mountainous areas, the high complexity of mountainous
road scene modeling and low visualisation efficiency. It is challenging to construct the digital
twin scenarios efficiently for mountain highways. To solve this problem, this article proposes a
knowledge-guided fusion expression method for digital twin scenes of mountain highways. First, we
explore the expression features and interrelationships of mountain highway scenes to establish the
knowledge graph of mountain highway scenes. Second, by utilizing scene knowledge to construct
spatial semantic constraint rules, we achieve efficient fusion modeling of basic geographic scenes
and dynamic and static ancillary facilities, thereby reducing the complexity of scene modeling.
Finally, a multi-level visualisation publishing scheme is established to improve the efficiency of scene
visualisation. On this basis, a prototype system is developed, and case experimental analysis is
conducted to validate the research. The results of the experiment indicate that the suggested method
can accomplish the fusion modelling of mountain highway scenes through knowledge guidance
and semantic constraints. Moreover, the construction time for the model fusion is less than 5.7 ms;
meanwhile, the dynamic drawing efficiency of the scene is maintained above 60 FPS. Thus, the
construction of twinned scenes can be achieved quickly and efficiently, the effect of replicating reality
with virtuality is accomplished, and the informatisation management capacity of mountain highways
is enhanced.

Keywords: mountain highway; digital twin scene; knowledge graph; spatial semantic constraint;
fusion expression

1. Introduction

Mountain highways are key nodes and hubs projects that connect urban areas with
mountainous regions, and realise the interconnection of transportation facilities. They serve
as an important channel for expanding human living space, and greatly promote economic
development and ensure the safety of social life [1-5]. However, the terrain and landforms
in mountainous regions are complex and diverse. Therefore, it is very important to combine
modern technology with mountainous highway operation, maintenance and management
technology, and create an increasingly intelligent mountain highway management system
to improve the level of information management and work efficiency of mountain highways.
Digital twin technology is an effective way to achieve the information management of
mountain roads [6-10]. Digital twin technology is the mapping of the properties, structure,
state, performance and behaviour of real physical entities to the virtual world [11-18].
Digital twin technology also seeks to create a realistic virtual scene of mountain highways
with high fidelity and interconnection of all elements, realise the accurate representation
of highway operation status and rapid response to road condition information, and better
support the information management decision of mountain highways [19-24].
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Constructing realistic mountain highway scenes is the key to achieving information-
based operation and maintenance management of mountain highways, which helps to
improve the efficiency of information perception, precise positioning and management
analysis; therefore, achieving the seamless fusion of terrain models and highway models
is particularly important [25-32]. Many studies currently focus on the fusion of terrain
and features models. The Z-buffer algorithm and floating horizon method [33-36] and the
fusion expression of terrain and terrain model is achieved by the geometric embedding
method [37-39], obtaining the fusion area triangulation network by using the feature con-
straint line and the collision detection method between the terrain triangulation network.
The fusion of the terrain model and the terrain is achieved by using the local reconstruction
of the terrain grid [40-42]. The fusion display of terrain and ground objects is achieved
through the construction of a multi-level regular triangulation network, incorporation
of a transition area, and implementation of dynamic scheduling for view LOD (Level of
Detail) [43-46]. Most of the fusion methods presented above predominantly use feature line
constraint fusion for single-scale scenes. These approaches often lead to grid cracks at the
junction of feature boundaries and terrain, which fails to achieve the dynamic visualisation
demands of multi-level and multi-scale terrain scenes. Although the multi-level regular
triangular network fusion partially resolves the cracks in the fusion process, it requires a
significant amount of memory and computational resources. Furthermore, most previous
research relies on spatial semantic information as a constraint, resulting in an incomplete
semantic understanding of the scene and knowledge graph constraints. As a result, it is
difficult to apply these approaches to fusion expression for mountainous highways with
complex features and correlated information.

This paper aims to study the efficient fusion construction of digital twin scene models
for mountain highways and proposes a knowledge-guided digital twin scene fusion ex-
pression method for this purpose. The method provides a solution for the issues of poor
automation, low modelling efficiency and insufficient scene fusion effects prevalent in
the current scene modelling technology regarding digital twin technology demand. Thus,
the study efficiently achieves the fusion of mountain highway scenes under knowledge
guidance, enables real-time construction and expression of dynamic information in digital
twin scenes and provides a base for information management of mountain highways. The
remaining sections of this paper are organised as follows. Section 2 outlines the research
methodology, which encompasses the overall research concept, development of the moun-
tain road twin scene knowledge graph, knowledge-based mountain road scene fusion
modelling and the visualisation publishing process of twin scene. Section 3 comprehen-
sively analyses case studies and delves into the proposed approach. Lastly, Section 4 offers
concluding remarks and future research directions.

2. Methods
2.1. Overall Research Idea

The overall framework of the knowledge-guided digital twin scene fusion expression
method for mountain highways is shown in Figure 1. First, we explore the characteristics of
the objects in the mountain highway scene and the association between them and created
a knowledge graph of the mountain highway scene. Second, the knowledge from the
scene object library and semantic knowledge source library is utilised as a lead to achieve
seamless integration of the road ontology with the underlying geographic scene, using
spatial orientation, attributes and topological relationships as constraints. Finally, the digital
twin visualisation and publishing framework has been created based on the mountain
road scene model. It enables mountain road scene twin modelling through dynamic data
access and model-based overlay to facilitate mountain road scene analysis, management
and decision-making support.
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Figure 1. A general framework of the knowledge-guided digital twin scene fusion representation
method for mountain highways.

2.2. Knowledge Graph Construction for Mountain Highway Twin Scenes

This article adopts a top-down method to construct the knowledge graph. Construct-
ing knowledge graphs using a top-down approach facilitates a comprehensive understand-
ing of the situation to avoid over-construction and information redundancy [47-50]. First,
the diversified objects of mountain highway scene and their associated relationships are
analysed, based on the data of mountain highway [51-53], basic geographic scene, highway
sensor dynamic data and domain-related textual data. Second, according to the content
of entities and relationships, the domain ontologies of mountain highways, geographic
scenes and the Internet of Things are constructed. Finally, this article establishes a rule set
to connect entities from multiple domains to achieve rule-based knowledge fusion across
multiple domains. At the same time, the domain ontology of the digital twin scenario for
mountain highways is constructed, and the knowledge graph for digital twin scenarios
of mountain highways through ontology mapping is established. The knowledge graph
construction method is shown in Figure 2.

Given the complex and intertwined relationships among multiple entities in mountain
highways, the mountain highway scene is divided into the mountain highway scene itself,
basic geographic data and dynamic data from sensors according to data characteristics and
attribute information. Subsequently, the twin scene object library for mountain highways
is constructed. Among them, the mountain highway scene itself includes road surfaces,
bridges, tunnels, crash barriers, drainage systems, risk warning signs, emergency facilities,
guardrails, streetlights and signs. The basic geographic ontology includes mountains,
slopes, rivers and mountainous buildings. The digital twin ontology includes various
sensor data, business data and monitoring videos. Based on this, entity feature extraction,
knowledge classification and knowledge format unification are performed. For the parts
related to the sensor data in the mountain highway entity, the sensor data is quantified and
integrated into the corresponding entity attribute.

In order to build an ontology of mountain highway scenes and a twin knowledge
graph of mountain road scenes for better management of mountain road data, a top-down
approach is adopted. This approach analyses domain knowledge from literature, standards,
rules and experts to clarify the relationships among entities and attributes [54-56]. Based
on the knowledge set of mountain highway mapping and sensor data, the relationship
extraction is performed. In this step, in order to analyse the susceptibility of accidents
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on mountain highways and achieve bidirectional feedback of twin data, the focus is on
analysing the association relationships between entities in dynamic data scenarios and the
various impacts of the represented content on mountain highway scenarios.

At the same time, the dense relationship model in time space is constructed to realise
the fast access of dynamic data and achieve the effect of reflecting reality with the virtual.
The main contents include the basic geographic scene, mountain highway model and sensor
dynamic data. The ontology construction result of the highway digital twin scene is shown
in Figure 3.

P — ‘ Mountain Highway Scene And Relationship Analysis ‘ _____ |
| - ——— ey |
| / Data \ Knowledge of e andar s ~ \ |
- - - Mountain
\ Basic Geographic ‘ Sensor Dynamic ¥ . Literature
Highw:

l N ‘ Scenes Data . / Slfr;:;y AN Expert Experience Monographs / |
| ~ — -

~ — ~ - |
| T ~ . |

|
Iiimmlain Highway Twin Scene Object Model Library |
|

Rule M_appmg emental Relationship
| .
Elemental Entity \J Construction
Extraction
Rule Set

Mountain Highway
Knowledge Extraction

Mountain Highway Knowledge Integration
Ontology
A Geometric Spatial
Basic Geography Ontology Mountain Highway Field Relationships Relationships
Ontology
Time Cause and
‘ Digital Twin Ontology ‘ S — Relationship Effect
Mountain Highway Knowledge Mapping
Figure 2. Knowledge graph construction method.
- T - - === ~
7 ot e X wid ), A
/ (Grade AN (Material )~ \
g - L et i) € oth ) \
S I Length ) * ‘ S QQ///ri
T S = \v.dm\) ‘
Ly T — ‘
~5— | - |
Yiig G |
! (eaning) |
| e |
} (Heig) |
| Com) |
LN (ot |
N |
- / Drainage™, |
Mountain Mountain ’&w) |
Architecture Highway o |
o S
Ontology /

).

' ’
= Sensor :
X Climat
I G{umldlty /\‘ S mate
(| Lomidity ensors Visibility
Time
| ~ @ sensors
| < Time ) Sensor
~
|
| g )
|
|
|
\

Rainfall Wind Power Air pressure Pressure Seismic
sensor Sensor sensor Sensors Sensors

N
\}_imcarln[!/J ‘

¥ —

—_ z_ ] y »
o N A =< AL K P v _ " — Seisr
Precipitation )( Wind ™~ Wind ™~ ~ / Serial ™\ /Pneun W Amplitude )\ freques
\ " (ireetion)(_power ) (Location ) ("= ) ( (Magnitude )\ NN
N SN N N \JUCT — T —

Figure 3. Mountain highway twin ontology graph.
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2.3. Knowledge-Guided Fusion Modeling of Mountain Highway Scenes

To achieve the fusion modeling of mountain highways, a real-time fusion modeling
method is proposed for mountainous scenes and highway models under spatial semantic
constraints. The overall framework for the fusion construction of twin scenes on mountain-
ous highways is shown in Figure 4. First, the access of static and dynamic data provides a
basic foundation for the twin scene. Second, semantic constraint rules are constructed on
spatial orientation, attribute categories and spatial topology constraints to guide the con-
struction of the entire twin scene. Finally, according to the semantic constraint rules, various
scene models are combined, matched and adjusted to achieve the dynamic construction of
the digital twin scenario for mountainous highways.
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Figure 4. Real-time fusion modeling method for mountainous scenes and highway models.

2.3.1. Spatial Semantic Constraints Rules

Spatial semantic constraint rules are designed to restrict and guide the objects of
mountain highway scenes, thereby achieving rapid and accurate construction of three-
dimensional scenes. The spatial semantic constraint rules mainly include spatial orientation,
attribute categories and spatial topology.

(1) Spatial Orientation constraints

The spatial orientation constraint adopts the spatial coordinate information and three-
dimensional attitude information (pitch angle, yaw angle and roll angle) of different physi-
cal objects in the highway model. Then, the matching of the spatial position registration and
spatial pose between different entity objects can be achieved under a unified geographic
reference coordinate system. The yaw angle, pitch angle and roll angle in spatial posture
represent rotation around the Z-axis (vertical axis), Y-axis (latitude direction) and X-axis
(longitude direction), respectively. The spatial position and spatial attitude are shown in
Figure 5.

X POS (lLon, Lat, H)

Figure 5. Spatial position and posture.
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(2) Attribute Category Constraints

The attribute category constraint mainly includes the spatial location and semantic
affiliation of various entities and road ancillary facilities in the highway model. This
constraint can be understood as the attributes of each research object, mainly divided into
highway component attributes and highway ancillary facility attributes. The attributes,
including ID, name, category, location, geometric features and other information, are stored
in a text file (Figure 6). The integration and visualisation of data with mountain highway
scenes is based on the spatial position and semantic affiliation of each entity object.

Figure Legend
QO  Signage
D 00028 @ Signal Light
Name *¥*Camera @ Street Light
Category Sensor
Geometric Feature Paint $ Camera
Location *#City*District County*Road o —— Road Example

Road

Figure 6. Attribute Information. This example describes the attribute information of this object.
The camera, city, district country, and roads here do not have specific names, but are replaced with
* symbols, which can represent any name.

(38) Spatial Topological Constraints

3D scene modeling should consider spatial topological relationships such as 3D models
and 3D models, 3D models and 2D models, 3D models and one-dimensional models, etc.
It should also consider the scene data type for the needs of mountain highway scene
construction. This article selects three topological semantics as spatial constraint rules:
adjacent, phase separation and overlap.

R(A,B) = T(A,B) + E(A,B) + O(A, B) )

In the formula, R represents the spatial topological relationship between model A and
B and T represents the adjacent placement of model A to model B. That is, two models have
the same faces but do not intersect internally, such as terrain scene surfaces and highway
models. E represents the combination of model A and model B, which, in this article, means
a fully contained model, such as terrain scene boundaries that completely include highway
model boundaries. O specifies the order of fitting between models, such as the seamless
fitting approach of highway models and highway ancillary facilities to the surface of terrain
scenes from bottom to top, as shown in Figure 7.

z

Figure 7. Spatial topological relationships of objects in mountain highway scenes.
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2.3.2. Fusion Modeling of Mountain Highway Scenes
(1) Symbolic Modeling of Sensors

To avoid the issue of cognitive differences among users towards different objects,
this article conducts symbolic modeling of a series of thematic elements such as sensors.
Based on the user’s cognitive ability to use colors and symbols in emergency situations and
corresponding visualisation needs, this article sets symbols as thematic element information
according to different categories. The degree of importance is graded with colors for
different levels, which enables users to easily understand the location and importance of
dynamic access data in highway digital twin scenes.

(2) Fusion Processing of Terrain and Highway Models

The existing scene fusion modeling methods mainly directly overlay virtual geo-
graphic scenes and highway models without any constraint conditions, resulting in an
inaccurate representation of the position and spatial relationship between highway models
and terrain scenes. To achieve a better fusion of models and 3D terrain scenes, this article
adopts spatial semantic constraints to guide the scene construction process. At the same
time, fusion modeling operations are conducted using time as the axis to perform spatial
operations such as positioning, rotation, fitting and translation of the model.

In addition, due to issues such as data accuracy, quality and different sources of data,
the highway model does not match the three-dimensional terrain scene, resulting in the
situation of ground objects floating in the air or drilling underground. Based on the 2D data
of the road centerline, sensor symbols and the 3D terrain models of different LOD levels,
this article uses Formula 2 to compute the real-time 3D coordinates of each data under the
response level. Thus, the spatial relationship between feature data (such as highways and
sensor symbols) and virtual 3D terrain scenes can be correctly expressed, and the mismatch
between features and 3D terrain scenes can be eliminated.

Latitude;ppe = f(terminProvider, level, positions(x/y)) 2)

In the formula, Latitude;,,.; represents the three-dimensional coordinates of corre-
sponding road, sensor symbol and other object data when the 3D terrain tile is at level i.
TerrainProvider represents the 3D terrain model. Level represents the corresponding tile
level. Positions, ) represents the two-dimensional coordinates of geographical objects.
The details are described in Equations (3)—(6):

(lon +180°) x 2level+1

Tilex = 360° 3)
o __ level
Tilex — 0 i‘;to)x 2 4)
Rectangle = titleXYToRectangle(Tilex, Tiley, level) ()
Latitude = interpolateHeight(Rectangle, lon, lat) (6)

In the formula, lon and lat represent the longitude and latitude coordinates of a
point. Tilex and Tiley represent the tile coordinates of the point. Rectangle represents the
geographic scope corresponding to the tile. Latitude represents the elevation value of the
point at the given LOD level.

Integrating the above methods, first, the two-dimensional geographic coordinates of
the terrain object are converted to the tile coordinates at the corresponding level. Then,
based on the global geographical range (—180°~180°, —90°~90°), the number and co-
ordinates of tiles calculate the geographic range corresponding of the tile. Finally, the
geographical range corresponding of the tiles is divided into a grid of / * h pixels. There-
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fore, the corresponding elevation value in the grid can be calculated based on the latitude
and longitude coordinates of the point, and then the feature model can be seamlessly
integrated with the virtual 3D terrain scene, as shown in Figure 8.

W

Fusion

®  Point

Line

SN N
Virtual Geographic Scenes + Road ‘ Polygon
and Building Models

Virtual Geographic Scenes Road Model,Building Model

Figure 8. Geographical and terrain scene integration schematic.

2.4. Visualisation of Mountain Highway Twin Scenes

The visualisation and publication of mountain highway twin scenes are divided into
two parts: digital twin base scene optimization and visualisation display and digital twin
scene visualisation display. The optimization and visualisation display service of the digital
twinning infrastructure scene primarily focuses on the visual presentation of the base of
mountain highway scenes. Dynamic data access for digital twins involves integrating
sensor data and video surveillance related to mountain highway digital twin scenes into
the data twin environment. Additionally, users can dynamically access and visualise the
integrated data in real-time, which enables the realization of the digital twin for mountain
highway scenes. The overall process of visualizing the publication of mountain highway
twin scenes is shown in Figure 9.
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Figure 9. Method for visualising and publishing mountain highway twin scenes.

2.4.1. Digital Twin Base Scenario Optimization and Visual Display

The visualisation of the digital twin base scene is shown in Figure 10. First, the LOD
and linear index of the mountain highway model are constructed to support efficient scene
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drawing. Second, when users perform mountain highway twin interaction operations on
the client interface, the main thread is controlled to start or stop requests and transmissions.
This meets the interactive needs of users in the digital twin scene of mountain highways.
Finally, when the user clicks to enter the client, the system initialises as a whole. The user
performs a handshake login between the client and server while logging in. At this point,
the main thread is responsible for sending messages to the client UWorld. UNetDriver is
responsible for listening to messages from the main thread and communicating with the
server, asynchronously requesting twin data and receiving data returned by the server for
visual rendering.

N Client oo Server

UWorld
Client-side network
monitoring

I User Operations

| 1
Login Reiuest

Baseline data and
Twin data

I
Close

|
UNetDriver

|

|

|

| ENetMode
| { \
| |
|

|

|

/’ NM_ListenServer

|
; |
NM_Client Retum scene data
} -t
| \
| \

Replication

Figure 10. Client-server segment interaction principle.

2.4.2. Digital Twin Dynamic Data Access and Visual Presentation

Due to the different formats and complex structures of data from various mountain
highway sensors come in. Therefore, data processing must be performed before accessing
the twin scene. First, a rule-based filtering algorithms is applied to the data based on rules
defined by the knowledge graph to identify and filter out useless information. Data filtering
can significantly reduce data redundancy and decrease the time and cost of data processing
and analysis. Second, coordinate matching is also performed to convert corresponding
sensor spatial information from world coordinates to computer coordinates in the scene.
Additionally, various file formats are converted into easy-to-read files. Finally, Socket is
used for data synchronization. The dynamic data is overlaid onto the scene after being
processed on the base, and the server-side data is updated in real-time. This process allows
the client to view real-time data. Meanwhile, the client uses the UNetDriver:InitListen
method to listen for the server’s return of computed result data for loading and visualisation
rendering, thereby completing the visualisation of the mountain highway twin scene on
the client side efficiently.

3. Experiment and Analysis
3.1. Case Study

This article chose the Shapingba (105°16'~105°43', 29°32'~29°53') and Jiulongpo Dis-
tricts (106°14'~106°32, 29°15'~29°33’) in Chongqing as experimental case study areas to
carry out research on knowledge-guided fusion modeling of digital twin scenes for moun-
tain highways. The geographical region is characterised by towering mountain ranges,
steep valleys and is crossed by gullies and ravines. The area is mainly mountainous, com-
prising about 76% of the region’s terrain. Hills account for roughly 22%. The remaining 2%
is located in the valleys formed by the flowing rivers. The experimental area includes a total
length of 16.058 km of national highways, 67.781 km of provincial highways, 34.153 km of
county roads. It also consists of 11 bridges and 2 tunnels. This area of mountain highways
is typical of the region. The specific case study area is shown in Figure 11.
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Figure 11. Case area display map.

3.2. Prototype System
3.2.1. Development Environment

This system prototype development environment is configured as shown in the fol-
lowing Table 1:

Table 1. Software and hardware configuration.

Specifications Specifications Information
CPU Inter i7-12700H
Hard Memory 16G
ardware Video Cards NVIDIA GTX 3060
Video Memory 6G
PC-based system Windows11
Software UE4.27
Software V2017

3.2.2. System Interface Introduction
(1) Basic Geographic Data

Basic geographic data mainly includes DEM and image data in Shapingba District and
Jiulongpo District.

(2) Highway Model Data

Highway model data are mainly the original design data of the highway, includ-
ing parameters such as starting and ending mileage of each road section according to
curve radius, starting and ending mileage. The center line, gradient, road base, bridge,
tunnel section start and stop mileage and other parameters are calculated according to
existing parameters.
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(3) Dynamic Data

Dynamic change data includes information about vehicle location and natural param-
eters like wind, temperature, moderation and wind direction. It is gathered from sensors
on the highway, including those monitoring the road and physical world detection sensors.
This data is uploaded in real-time to the management system via network interfaces.

3.2.3. System Interface Introduction

The main interface of the system is shown in Figure 12. The system is based on the
UE4 engine. It is mainly used for the management of roads, bridges, tunnels and highway
assets. The construction of the digital twin system for mountain highways combines basic
geographic data, road model data and dynamic change data of the target area. The road
management module includes maintenance section management, real-time road conditions
displays and road asset status displays. The bridge management module includes viewing
bridges and bridge information displays. The tunnel management module includes viewing
tunnels and tunnel information displays. The asset management module includes statistical
viewing of highway asset information. At the same time, the system also includes the
synchronization of vehicle motion information and road condition information in the digital
twin system.

DIGITAL TWIN SYSTEM OF MOUNTAINOUS HIGHWAY IN CHONGQING . -
. MAINTENANCE SECTION MANAGEMENT

- 34153 .
\ Bridge s £ ROAD CONDITION DISPLAY | 5073~

PQI (Ral

91.62 89.56 J

BLOCKING!

G212 road blocked

Figure 12. Mountain highway digital twin system results map.

3.3. Case Experiment Analysis
3.3.1. Mountain Highway Integration Modeling

To ensure that the constructed mountain highway scene is standardised and realistic,
this article first preprocesses the high-resolution terrain and image data of the case area
through coordinate conversion. It creates a height map based on the relationship between
terrain grid elevation and grayscale value. Based on the height map, a terrain model is
generated in the UE engine, and texture mapping is completed. Then, the scene is fused
and modeled through spatial semantic rule constraints. Finally, unified halo rendering is
performed in the UE engine. A partial result of the mountain highway twin scene is shown
in Figure 13.

From the figure, it can be seen that the spatial orientation constraint in the spatial
semantic constraint rules provides a consistent and unified expression for the spatial
position and spatial posture of the terrain scene and road scene models. The attribute
category constraint ensures the correct expression of roads and their ancillary information
in the mountain highway scene. The spatial topology constraint constrains the surface of
the terrain, the model of the road and the bottom of other land objects, ensuring that the
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spatial relations are correctly expressed. The best scale ensures seamless splicing between
models through terrain smoothing and extension of the bottom of the highway model.

The efficiency of terrain grid calculation for the road-bridge-tunnel fusion area is key
to improving the capability of scene fusion. To validate the efficiency of the proposed
method in scene integration, an analysis of the efficiency of terrain grid calculation for the
road-bridge-tunnel fusion area is shown in Figure 14, which shows the calculation time of
different terrain grids at the tunnel and bridge piers. The case study area spans 100 km
and includes 2 tunnel entrances and 11 bridges. From Figure 14, it can be seen that the
average time for calculating terrain grids at each tunnel is 5.97 milliseconds, significantly
improving the fusion display efficiency.

54

(c) Tunnel fusion modeling model (d) Road integration model

Figure 13. Overall integration model of mountain scenes and road models.
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Figure 14. Calculation efficiency of topographic grid at bridge and tunnel.

3.3.2. Dynamic Expression of the Scene

(1) Road Asset Management

In order to better manage the roads in the target area, a scene fusion model is used as
the basic foundation, and dynamic data from various sensors are integrated into the scene
to update the entity information in the knowledge graph. The updated information is then
fed back in real-time to the digital twin system of mountain highways, achieving real-time
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updates and expression of road asset data. Some expressions of road assets are shown in
Figure 15.

=, il

4 i -:-’3?-”»—-

(a) Road asset tw1ns

(f)Road  (g) Vehicle speed
(b) Camera  (c) Roadblocks  (d) Signage (e) Signage Monument measurement

(h) Crash Barrier
Figure 15. Road asset twins.

(2) Road condition monitoring

Real-time feedback of road traffic flow is incorporated into the mountain highway
digital twin system to provide warnings for congested road sections. Video surveillance
data can also be accessed to view real-time scenes, as shown in Figure 16.

BLOCKING!

G212 road blocked

(a) Road blocking alarm (b) Road surveillance retrieval.

Figure 16. Road condition monitoring.

(3) Dynamic Monitoring of Vehicle Information

Taking vehicle data as an example, the dynamic access of vehicle status and position
information is used to render real-time vehicle model data into the scene. This accurately
expresses the operational state of vehicles on the road and tracks the running status of
individual road monitoring vehicles, achieving a virtual-to-real effect. By viewing results
in different time periods, some of the results are visually displayed, as shown in Figure 17.
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Figure 17. Real-time dynamic representation of the digital twin of the scene.

3.3.3. Scene Rendering Efficiency

The efficiency of scene rendering is directly related to the user experience. If the
rendering efficiency is too low, it can cause scene rendering lag, uneven loading and poor
user experience. In this paper, a random period of system operation is selected, and the
scene rendering efficiency and the number of triangular facets in the scene rendering are
recorded to verify the scene rendering efficiency of the proposed method. The experimental
results are shown in Figure 18.
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Figure 18. Scene rendering efficiency.

The visual frames perceived by the human eye typically range from 24 to 30 frames
per second. When the FPS reaches over 60 frames per second, the difference in subjective
perception by the human eye is not significant, and the image seen is relatively smooth.
Throughout the entire testing process, the average scene rendering efficiency was 80 FPS.
The standard deviation during the testing phase is 5.4, reflecting good stability in scene
rendering. The testing results indicate that the method proposed in this article can meet
the requirements of real-time visualisation rendering and bidirectional data feedback for
digital twin scenes.

During the experimental process, the later data mainly consist of terrain and data
sets from various models. Unlike only terrain data, model data such as highways and
buildings have more vertices and triangles in the same area, which can lead to a decrease in
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the rendering frame rate. Based on the Pearson correlation coefficient calculation method,
the correlation coefficient between the experimental data frame rate and the number of
triangles is —0.93, indicating a negative correlation between the rendering frame rate and
the number of triangles. When the number of triangles in the scene is reduced, rendering
efficiency improves. Therefore, this study provides a direction for future research on
scene rendering optimization, which can significantly reduce scene data while ensuring
high-fidelity rendering of important areas, thus improving rendering efficiency.

3.3.4. Comparison of Existing Digital Twin Visualisation Methods

The comparison between this method and existing digital twin visualisation engines
in terms of dynamic visualisation effect, visual content richness, rendering efficiency and
adaptive ability is shown in Table 2. The comprehensive comparison results indicate
that compared with existing methods, this method has obvious advantages, with higher
visualisation efficiency, visual effects and richness of content expression.

Table 2. Comparison of digital twin visualisation methods.

. s . . Unity 3D Cesium Supermap
Visualisation Engine Unreal Engine [57] [58] [59]
Visual Efficiency High High Medium Low
Difficulty of Realization Medium Medium Low Low
Richness of Visual Content High High High Medium
Adaptive Capability Medium High Medium Low

4. Discussion

This article attempts to construct a knowledge map and innovate a knowledge-guided
fusion representation of a digital twin scene for mountain highways. This section highlights
the strengths and limitations of this article’s research while proposing suggestions with the
hope that future studies will address the challenges raised here.

4.1. Strengths

This article innovatively adopts the method of spatial semantic constraints by con-
structing knowledge guidance to realise the digital twin scene representation of mountain
highways. It aims to provide an intelligent fast modeling method and efficient visual repre-
sentation. The critical contribution of this article is to propose a knowledge-guided digital
twin-scene fusion representation method for mountain highways. The method overcomes
the current difficulties of complex scene modeling methods and ineffective visualisation
expression to support digital twin scenes in mountainous areas. The specific contributions
are shown in two ways. First, a knowledge graph construction method for mountain
highway twin scenes is proposed. This method constructs a domain ontology of highway
digital twin scenes with the multi-domain association of highways, scenes and IoT to guide
scene modeling and visualisation. Second, this study proposes a knowledge-guided fusion
modeling approach for mountain highway scenes. The approach is based on the knowledge
of highway scenes, the establishment of spatial semantic constraints such as orientation
and attributes and topology to construct a visual representation model for the highway
scene sensor.

First, this article achieves the efficient fusion expression of digital twin scenes for
mountain highways. This article adopts spatial location, topological relationship and
attribute relationship as constraints through knowledge guidance to achieve efficient fusion
construction of highway ontology and mountain geographical scene. The experimental
results show that, from the overall point of view, the mountainous area highway traffic
network can be well-modelled and presented to achieve overall control. From a detailed
point of view, taking the tunnel mouth as an example, calculating the intersection line
between the tunnel mouth and the terrain achieves a high degree of fusion between the
tunnel mouth and the terrain. Moreover, from the experimental results, the average fusion
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construction time of the whole scene is less than 5 ms. The experimental results show that
the fusion modeling method proposed in this article can achieve efficient and high-fidelity
fusion construction of mountain highway scenes.

Second, real-time visualisation and release of dynamic data are achieved. This article
builds a twin scene visualisation method for mountain highways to overlay dynamic data
with a base twin scene. Experiments show that the method demonstrated in this article can
achieve real-time access and dynamic response of highway monitoring data, including the
dynamic expression of highway asset attribute management and traffic conditions. The
experimental results indicate that the rendering efficiency of the twin scene is maintained
above 60 fps, meeting the requirement for real-time visualisation of the digital twin scene
and bi-directional data feedback.

Third, this article presents an example of a digital twin system designed for managing
the operation and maintenance of mountain highways. The method proposed in this article
was used to develop a digital twin visualisation engine compared with alternative methods.
The results demonstrate apparent advantages of the method, including greater visualisation
efficiency, richer content, improved adaptability and lower implementation difficulty.

4.2. Limitations

This article focuses on the research carried out on modeling and representation of
twin scenarios. The digital twin is a closed-loop process of visualisation display-analysis-
diagnosis-decision-making. The experiments in this article only focus on scene visualisation
and analysis but fail to fully consider the data release and visualisation of diagnosis and
decision-making. Therefore, there is a need to research the release and visualisation of
decision-making data.

The fusion modeling approach proposed in this article mainly focuses on aboveground
highway facilities, scenes and sensors. This method does not consider subgrade, founda-
tions and geological formations underneath the highway surface. Future research should
incorporate integrated fusion modeling above and below ground for more thorough digital
twin scene modeling of highways.

4.3. Suggestions

The approach presented in this article is primarily intended for experimentation
on PCs and does not consider fusion expression using other augmented visualisation
devices. Different visualisation devices have varying demands for model fusion and scene
construction efficiency. Therefore, enhancing scene fusion efficiency and realism is essential
to satisfy digital twin requirements across diverse augmented visualisations.

The practical implementation of the system is a crucial factor. While the study findings
demonstrate the significant potential of the methodology presented in this article for
managing information on mountain highways, its actual application in this domain remains
uncertain. Most studies are still in the experimental phase, and large-scale applications are
lacking to assess performance and usefulness. Implementing these tasks will inevitably
pose a challenge, and therefore, further endeavors will be made to apply this research to
the practical management of mountain highway operation and maintenance.

5. Conclusions and Future Work

The current methods for modeling complex scenes and visual representation are
inadequate for meeting highways’ dynamic real-time management requirements. In order
to resolve these issues, this article proposes a knowledge-guided fusion visualisation
method of digital twin scenes for the mountain highway. The highway scene knowledge
forms the foundation for developing a digital twin scene domain ontology incorporating
joint highways, environment and IoT sensing to steer the highway scene fusion modeling.
The research methodology has been implemented in the management of highways in the
districts of Shapingba and Jiulongpo in Chongging Municipality. The results indicate that
the approach results indicate that the approach can achieve scene fusion modeling and
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dynamic expression, fulfilling the requirements for information operation and maintenance
management of mountainous highways.

Following this, two primary tasks require prioritization in addition to the recom-
mendations outlined in the discussion section. First, a digital twin O&M (operation and
maintenance) management system for mountain highways must be rigorously developed.
Second, research should investigate visually enhanced representations of information
descriptions in digital twin scenarios.
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