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Abstract: The complexity of interrelationships between urban natural environments and human
environments is increasing with rapid urbanization. This brings new challenges to urban modeling
and simulation in simultaneously meeting the comprehensive needs of the dual integration of data
and models, multi-type visualizations, human-centered simulation, geographic collaboration, and
interactions between physical and virtual spaces. We here propose virtual geographic environments
(VGEs) as a new platform of urban modeling and simulation. After discussing the evolution, defini-
tion, and features of VGEs, we design a VGE framework for urban system modeling and simulation.
Two typical cases are provided to illustrate how VGEs support urban modeling and simulation on
different scales: VGE-based collaborative modeling and the simulation of air pollution dispersion in
the Pearl River Delta (PRD) urban agglomeration, and fire emergency crowd evacuation simulation.
In the future, VGEs may also play an important role in digital twin cities and urban metaverses.

Keywords: virtual geographic environments; urban; modeling and simulation

1. Introduction

Urban environments are primary centers of production and living, which hold over
half of the world population. Understanding urban environments, exploring the mecha-
nism of urban development, rationally developing the urban environment, promoting the
harmonious coexistence of people and the environment, and realizing the sustainability of
urban development are critical requirements of anthropogenic development.

Urban modeling and simulation are ideally suited for studying urban problems,
such as urban energy simulation [1], urban train network modeling [2], urban dynamical
modeling and simulation [3], urban sprawl and fiscal stress [4], and other issues. However,
as urban environments develop, the relationships between urban natural environments
and the human environment have become more complex, which brings new challenges.
We here identify five of these challenges.

First, urban modeling and simulation require the dual support of data and models.
The data, such as terrain data, object outlines, and building information model (BIM)
data can be used to create a 3D geometric model for statically representing entities in
urban environments [5–8]. The models, such as air pollution models [9], flood models [10],
and crowd evacuation models [11] can be used to present urban physical processes. A
comprehensive urban modeling and simulation system should integrate both data and
models. However, the accurate coupling of data and models is often ineffective.
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Second, an urban environment can be regarded as a complex system that is composed
of human social activities and natural environments [12–14]. The coupling of these two
components has also been considered. For instance, Gonzalez et al. studied urban develop-
ment and human activities as factors in terrain stability [15], and Szolnoki et al. studied the
cumulative impacts of human activities on urban garden soils [16]. Clearly understanding
the coupling of human activity and the natural environment is important for accurate urban
system modeling and simulation [17–19].

Third, the urban environment is dynamic and three-dimensional, thus, it is best visu-
alized in a three-dimensional or a higher-dimensional way. Visualization methods in urban
modeling and simulation systems have evolved from traditional two-dimensional [20] to
three-dimensional and even higher dimensional [21,22]. Different sectors have different
visualization needs, so visualization of the urban environment should be adaptable to meet
the requirements of different users. Therefore, building an urban system with multiple
visualization methods is of high value in supporting effective collaboration among multiple
users. However, no such comprehensive visualization system currently exists.

Fourth, urban systems are complex, and cannot be effectively understood from a single
perspective. Distributed collaborative research environments can support the effective
integration of multi-disciplinary knowledge, multi-domain experts, and multi-department
resources. The effort to achieve the collaboration has been carried out in city collaborative
planning [23], collaborative governance [24], collaborative water management [25], and
other applications. However, a complex urban system requires a comprehensive collabora-
tive environment that can support collaboration among multiple disciplines, users, and
departments from distributed locations.

Fifth, the recent technological development of digital twins has led to the construction
of digital twin cities and towns and their methods mainly focus on two aspects. The first is
the basic connotation and the concept of digital twin cities, digital twin towns, or digital
twin urbans. For instance, Deren et al. defined digital twin cities and discussed the future
development of smart cities based on digital twins [26]. The second is the application
of digital twins in urban systems, such as digital twin-based urban planning [27,28] or
facilities management [29]. However, these methods are still in their infancy, and there
exist major challenges for the precise mapping of virtual space to real space, as well as the
interaction between physical urban spaces and virtual urban spaces.

The above five challenges have separate technical solutions. The best way to simulate
complex urban systems is to integrate all solutions into a comprehensive platform. We here
propose a new platform for urban modeling and simulation based on virtual geographic
environments, which can simultaneously meet the comprehensive needs of data and
model integration, multi-type visualizations, human-centered simulation, geographic
collaboration, and interaction between physical and virtual spaces.

2. Virtual Geographic Environments and Their Features
2.1. Evolution of Virtual Geographic Environments

In 1997, Michael Batty proposed “Virtual Geography (VG)” as geography was chang-
ing in subtle and dramatic ways in the rapid transition to a digital world. Batty contended
that VG has components of space (the space within computers), cyberspace, and cyber-
place [30]. The concept of VG revealed the value and significance of the coupling between
computation and geography. A few years later, in 2001, driven by the development of
virtual reality technology and the need for geography to extend into a digital world, Lin Hui
and Jianghua Gong proposed the concept of Virtual Geographic Environments (VGEs) [31].
Since then, theories and methodologies, technologies, and applications of VGEs have
advanced significantly.

Numerous evolution milestones of VGE have been established, including: (1) VGEs
are a new language of geography [32], (2) The core of VGEs extends from geo-data only
to the integration of geo-data, geo-models, geo-visualization, and geo-collaboration [33],
(3) VGEs are efficient tools for spatial cognition [34], (4) VGEs are a new platform for
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complex geographic experiments [35], (5) VGEs provide a comprehensive platform for
geographic knowledge engineering [36], (6) VGEs are a new generation of geographic
analysis tool, and (7) VGEs are more than the digital twin of the physical geographical
environments [37].

The evolution of VGEs has happened concurrently with the developments of computer
and information technologies. The improvement of computing power, such as high-
performance computation, makes it possible to rapidly calculate highly complex geographic
models, thereby improving the efficiency of virtual geographic environments to simulate
and analyze complex geographic processes [38]. The development of 3D engines and
the improvement of visualization hardware have advanced VGEs from simple 3D to
immersive 3D. The visualization performance can satisfy the demands of large scenes,
high precision, high fidelity, and near real-time reporting. Human–computer interaction
modes of virtual geographic environments have also advanced. The traditional keyboard
and mouse are being replaced by voice, gestures, actions, and even brain waves, which
vastly promote user immersion [39]. Big data methods have allowed massive data storage,
management, and scheduling for VGEs. Cloud computing technology also serves VGE
model management and organization. Artificial intelligence technology assists geospatial
intelligent analysis in VGE. Internet of things (IoT) and fifth generation (5G) communication
speed up the integration and interaction of virtual geographic environments with real
geographic environments.

VGEs have found success in various areas such as crowd evacuation [40], group
behavior simulation [40], water pollution control [41], lake basin hydrological processes
simulation [42], the simulation of the spread of respiratory infectious diseases [43], three-
dimensional forest growth [44], emergency risk assessment [45], aquatic ecological security
evaluation [46], urban traffic decision analysis [47], flood routing simulation and scale effect
analysis [48], air pollution dispersion [33], disaster risk assessment and mapping [49], high-
speed railway engineering construction processes simulation [50], mapping and modeling
human exposure to uriniferous mine waste [51], and 3D visualization and simulation of sea
level rise [52]. Furthermore, the international conference and China national conference on
VGE have been held four times and seven times, respectively. In 2008, a key laboratory of
virtual geographical environments was established at Nanjing Normal University in China.

2.2. The Definition of Virtual Geographic Environments

Virtual geographic environments (VGEs) were unofficially proposed for the first time
at the First International Symposium on Digital Earth in 1999 and have experienced sev-
eral stages of evolution over the last 30 years [53], with its definition being modified
alongside its rapid development. In general, VGEs refer broadly and collectively to all geo-
graphic environments that are not “real”. A VGE can be regarded as a computer-generated
digital mapping of a real geographic environment or an imagined environment with geo-
referenced locations for representing, modeling, computing, simulating, and analyzing
geographical phenomena and processes [54,55]. The features of VGEs involve dual cores of
data and models, multi-dimensional and multi-mode visualizations, multi-channel inter-
actions, multi-type geo-collaborations, human-centered interactions across the virtual to
the real, and other factors. Natural laws represented by spatial and temporal distribution
patterns, evolutionary laws of geographic processes, and interaction mechanisms between
geographic elements are the core concepts of virtual geographic environments [56] and are
the driving forces behind the research and development of VGEs [57]. VGEs can achieve
three main tasks in geoscientific research [58]: presenting contemporary geographic envi-
ronments, reproducing and recovering historical geographic environments, and predicting
and planning future geographic environments. VGEs are a new generation of a geographic
language, a new platform for geographic experiments, a new tool for comprehensive geo-
graphic analysis, and a new framework for realizing the unification of space and time in
the metaverse.



Sustainability 2022, 14, 7980 4 of 20

2.3. Features of Virtual Geographic Environments
2.3.1. Data and Models as Dual Cores

Data and models are the main information carriers and abstract forms of the real world
in a digital environment. Data and models are two cores of the classic VGE framework that
illustrate the increasing significance of urban modeling and simulation under data-intensive
research paradigms. The capability of efficiently integrating and managing multi-source
heterogeneous data and models makes VGE a powerful platform for digital geographic
resource sharing and reusing [35]. The data environment and model environment are here
introduced to depict a clear picture of a VGE dual core (Figure 1).
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Figure 1. The core framework of the data and model environments in VGEs.

Geographic data (geo-data) is fundamental to geographic scene expression and geo-
graphic problem analysis. In a VGE, the core data environment is responsible for geo-data
integration, management, and organization. A large volume of dynamic geo-data flows
into VGEs. With the rapid development of photogrammetry and remote sensing technolo-
gies, Earth observation can be progressively carried out all day long and in all weather
conditions [56]. Social data can reveal the urban environment and human activities and
can be easily accessed with the support of distributed sensors under an Internet of Things
(IoT) approach. The data environment of VGEs is designed to represent discrete entities
and continuous phenomena as well as their changing geographic attributes and interaction
information, indicating geographic knowledge from different perspectives [57]. VGEs
construct a spatiotemporal unified data model to handle the unified representation of
continuous and discrete geographic objects or phenomena where heterogeneous spatiotem-
poral data are parsed from semantic and structural layers [59]. These layers can link
geographic information extracted and organized by the geometric algebra data model
GA-MUC [60]. Geographic simulation and visualization in VGEs are facilitated by the
development of data environments using massive spatiotemporal data scheduling, data
acceleration, distribution mechanisms, and sharing mechanisms [59].

The analysis and simulation of dynamic geographic phenomena are critical in geo-
graphic research [61,62] and their key tools are geographic analysis and process models.
Notably, the methods of VGEs are different from spatial analysis and statistical analysis
algorithms employed by GIS systems, as geographic process models refer to models im-
plemented for dynamic geographic process computing. The model environment in VGEs
involves four important factors for geographic analysis and simulation, including model
standard specification design, geographic modeling, model sharing and reuse, and model
integration and implementation [35]. Model standard specification design handles the stan-



Sustainability 2022, 14, 7980 5 of 20

dardization of model semantic information and model running information. Geographic
modeling establishes the basic geographic concept models and the computational models.
Model sharing and reuse aim to optimize the utilization of model resources distributed
throughout the network. Model integration involves the implementation of model storage,
execution, and operation. The model environment of VGEs provides experts from different
fields with an open workspace to create, share, reuse, and implement the distributed ge-
ographic analysis models. The combination of geographic process models in VGEs and
GIS-based analyses enables new quantitative and systematic examinations of spatial and
temporal patterns of dynamic geographic processes, improving the understanding of grad-
ual geographic evolution [63]. Moreover, the geoscientific workflow management method
in VGE using the intelligent version control of models and the geographic simulation
procedure can be easily reproduced, promoting the sharing and reusing of geographic
knowledge [64].

2.3.2. Coupling Human Activities

In a real geographic environment, there are a large number of various long-term,
short-term, small-scale, and large-scale human behaviors, such as passing through an
intersection with traffic lights, orderly queuing, going to and from school, taking public
transportation to and from work, moving from one city to another, the economic behavior
of the country, etc. These behaviors can be reconstructed and studied using VGEs. A
primary interest of geography is the human–land relationship, which is also found in other
disciplines derived from geographies, such as GIS (Geographic Information Science) and
VGEs. Traditional GIS focuses on natural environment research, while a VGE is more
concerned with the modeling of “human” factors. VGEs can construct a complete virtual
human-environment relationship, which logically expands traditional GIS and forms a new
generation of geographical language [32].

Human–environmental relationships in VGE can be divided into macro and micro
relationships. Macro human–environment relationships consider human activities in the
macro space, e.g., the world or a country, and over a long term. The micro human–
environment relationship considers micro space more consistent with human individuals,
e.g., a building, a block, etc., the interaction mechanisms between individuals, as well as the
interaction mechanisms between human individuals and micro-environments. The overall
trends, group characteristics, and laws are emphasized at the macro human–environment
relationship level, while the micro scale considers individual heterogeneity of humans, and
is more feasible to reproduce the detailed behaviors and activities of people; from this, the
spatial-temporal law of individual behaviors can be studied and analyzed.

The basic concept of modeling human activities in VGEs is as follows (Figure 2). Spatial-
temporal characteristics are abstracted to build a variety of human behavior models including
data-driven models and rule-driven models, and then the human activities in the virtual
geographical environments can be reproduced, which can further couple with the real human
activities to carry out scenario simulations for prediction analysis of human activities.
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2.3.3. Multi-Type Representations

The representation objects are VGE elements, which include geo-data, geo-processes,
and geo-knowledge. These elements are first assigned standard codes by geo-coding
under unified spatial coordinate systems. Then, data organization and scheduling mech-
anisms that consider geo-similarity rules and efficient rendering algorithms considering
geographical features can be developed. Therefore, geographical environments, geo-
graphical processes, geographical features, and various cartographic generalizations can
be reproduced in virtual geo-space, forming the geo-cognition-oriented VGE reconstruc-
tion modes.

Various tools and terminals including PCs, helmeted virtual reality (VR) terminals
(i.e., HTC VIVE, Meta Oculus, Meta Quest), and helmeted augmented reality (AR) terminals
(i.e., Microsoft HoloLens), can be employed and adapted to represent VGEs in 2D, 3D, and
multi-dimensional dynamical ways. VGE applications based on helmeted VR terminals
and AR terminals are very promising because of their immersion and interactivity. With
the help of helmeted VR, users can experience virtual geographic content or interact with
virtual elements in an immersive way; with the help of helmeted AR, virtual geographical
environments, as well as their virtual contents, can be integrated with the physical environ-
ments to build mixed geographical environments. The physical geographical environments
can be real spaces, for example, buildings, or a man-made or 3D-printed sand table. VGEs
emphasize geo-analysis, geo-query, and geostatistics under geographic coordinate systems,
which can be represented as Geo-2D, Geo-3D, Geo-VR, and Geo-AR. To match the above
multi-type representations, different interaction modes can be employed. Keyboards and
mice, interactive handles, joysticks, eye trackers, wearable devices, gestures, postures, or
voices can all be employed for human and computer interaction for PC and immersive
helmeted terminals.

VGE users can observe, experience, and understand virtual geographical environ-
ments, make their own predictions, and form understandings of geographic issues. This
understanding can be further applied to observations, forming a cognitive cycle (Figure 3).
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2.3.4. Supporting Geo-Collaboration

Geography is comprehensive and geographical issues are complex. Thus, the research
of geographic issues requires collaborative works with multidisciplinary knowledge, multi-
domain experts, and multi-departmental resources. These requirements can be supported
by VGEs since they have functions of geographic collaboration or geo-collaboration that
can be analyzed from multiple perspectives (Figure 4).
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Geo-collaboration was defined by MacEachren et al. as “group work about geographic
scale problems facilitated by geospatial technologies” [65], who also defined four modes of
geo-collaboration according to spatial and temporal dimensions. Spatially, the key distinc-
tion is between collaborators who were co-located (same-place collaboration) and those
located remotely (different-place collaboration). Temporally, collaboration was categorized
as synchronous (same time) or asynchronous (different times). IoT technologies are also
emerging as a new mode of geo-collaboration between physical and virtual systems, which
is key for realizing digital twin geographic environments.

Geo-collaboration includes multi-disciplinary models, multi-domain data, and multi-
departmental resources. Multi-disciplinary model collaboration means that disciplinary
knowledge is integrated and cooperative. Multi-domain data represents geographic envi-
ronments from multiple perspectives, which have different types, structures, and scales.
In VGEs, multi-domain data are organized and managed under a unified spatiotemporal
benchmark and can be visualized in a suitable form to support collaborative discussions.
Multi-departmental resource collaboration means that multiple departments participate
in geo-collaboration by sharing their own resources, such as equipment resources and
computing power resources.

Geo-collaboration is a workflow involving multiple users. This workflow usually
includes the initial configuration, data preparation and processing, problem modeling,
model calculation, process simulation, result analysis, and conclusions. The users par-
ticipating in the collaboration come from a wide range of fields, including government
officials, scientific researchers, the public, and technicians. VGE meets all the requirements
of this collaboration process. The running process of VGEs are workflows, which include
various steps of geo-collaboration. VGEs are constructed for multiple roles to meet the
needs of multi-domain users participating in the collaboration. VGEs support multi-type
visualization, including 2D, 3D, VR, and others, which can adapt to the usage habits of
various users and ensure professional understanding, accurate operation, and scientific
explanation of geographic problems.

2.3.5. Interaction across Physical Environments and Virtual Environments

The interaction across virtual and physical environments based on VGEs refers to
the fusion and interoperability of virtual and physical spaces that cover three levels of
the virtual-physical connection. First, the geographic entities in the virtual environment
dynamically represent the changing state of physical entities and the functions in the
virtual environment rapidly quantify those changes that are not easily directly measured
in the physical environment. Second, the operations of geographic entities in the virtual
environment have the same influence on physical entities, namely, controlling the physical
world through the digital world. Third, the actions or measurements conducted in the
physical environment validate and realize the hypotheses in the virtual environment. The
effects of VGE-based virtual–physical interactions depend on the spatial scale of geographic
entities and the temporal scale of their evolutional process. The global and local effects of
the spatiotemporal span should thus be considered when an interaction occurs in multiple
physical–virtual environments.
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VGEs exploit an expression environment, which is a systematic environment en-
abling multi-dimensional visualization, multi-channel perception, and multi-sensor ser-
vices. Multi-channel perception supports the expression of geographic elements, interac-
tions, and evolutionary processes through various visible and inductive channels, such as
visual expression channels and sensible expression. In addition to physical devices such
as virtual gloves and helmets, a series of flexible forms such as language and gestures are
employed as interactive channels in VGEs to improve interactivity and enable more natural
manipulation. Natural communication between a human and their virtual environment,
such as answering a question, can be realized by VGEs equipped with geographic knowl-
edge graphs [66]. This kind of novel approach can further improve the immersive and
cognitive effects of VGEs. With advances in virtual reality (VR), augmented reality (AR),
and mixed reality (MR), more vivid VGEs are expected to develop in the near future [67].

The difference between VGEs and virtual reality environments lies in real geographic
features, mechanisms, and laws, which are integrated into VGEs for geographic problem-
solving. VGEs are introduced for the reproduction of past or current geographic scenarios
as well as for the prediction of future geographic phenomena [68]. These VGEs correspond-
ing to the real-world support virtual geographic experiments where human–environment
interactions can be represented, simulated, and analyzed. Therefore, the VGE is a promising
platform for effective decision support by informing policymakers of a holistic understand-
ing of urban systems (natural and social processes), their complex interactions, and how
they respond to various changes [69].

3. Framework of VGE-Based Urban System Modeling and Simulation

VGE-based urban system modeling and simulation (VGE-USMS) provides a significant
opportunity to extend the ability of urban planning and governance. The framework of
VGE-USMS contains five components (Figure 5), including urban geo-modeling, urban
geo-data, urban simulation, urban geo-visualization, human-computer interaction, and
urban geo-collaboration. Other ancillary technologies that support the framework involve
virtual reality, cloud computing, fifth generation (5G) communication, the Internet of
Things (IoT), building information models (BIM), artificial intelligence (AI), blockchains,
global position systems (GPS), remote sensing, and geographic information systems (GIS).
Standards, regulations, and security management are required at all levels to ensure the
safe and efficient operation of a VGE-USMS platform.
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Figure 5. The overall framework of VGE-based urban system modeling and simulation.
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(1) Urban geo-data component.

The urban geo-data component is a summary of all kinds of geo-data resources
concerned with city structure and status, which provides the data foundation for VGE-
USMS. Data sources can be divided into basic terrain data, Earth observation data, IoT
sensing data, social network data, and other data. Basic terrain data acts as the foundation
to build urban geographic scenes, including vector maps, raster images, digital elevation
models, and so on. Most Earth observation data comes from a wide range of remote sensing
images such as hydrological data, metalogical data, and land use data. IoT sensing data
are collected and reported by monitoring devices distributed all around cities, such as
transportation data, air quality data, and ecological data. Social network data integrates
the information from social media platforms such as Twitter, service systems such as
mobile phone operators, and third-party application data, which can reveal diverse human
activities in cities.

(2) Urban geo-model component.

The urban geo-model component consists of scenario models and calculation models
for VGE-USMS that provides the support to enhance the modeling and simulation ability
of the framework. The scenario model is exploited to construct urban scenes based on
a basic terrain model and it covers the city information model, the building information
model, and other 3D models of geographical entities in the city. The calculation models
involve a wide range of geo-referenced algorithms designed for various urban issues,
e.g., geographic analysis models, spatial-temporal process models, transportation models,
economic models, ecological models, human behavior models, and general AI models.
With the flexible model management strategies in VGEs, these models can be adaptively
coupled to facilitate the urban modeling from three aspects. The first is for urban state
monitoring that calculates the urban state evaluation index under different policy scenarios.
The second is for urban element deduction that evaluates the development and evolution
of the core urban elements. The third is for urban decision support that simulates urban
future policy adjustment and major project planning by modifying control indicators
of urban models, dynamically updating planning schemes, and timely responding to
new policies.

(3) Urban simulation component.

The urban simulation component can extensively perform the simulation of urban
system status from three levels: urban natural environments, urban human behaviors, and
the coupling of human and nature. This three-level urban modeling and simulation are
implemented by core VGE features and functions, including but not limited to percep-
tual interconnection, environment mapping, multidimensional modeling, spatial-temporal
computing, simulation deduction, and evaluation. Perceptual interconnection refers to the
real-time perception and interconnection control of all elements of a city, including iden-
tification analysis, intelligent perception, real-time monitoring, and collaborative control.
Environment mapping refers to the establishment of multi-level and multi-dimensional
mapping relationships between the real world and the virtual world, including state indi-
cators, object management, attribute association, and feature extraction. Multidimensional
modeling is a multi-dimensional digital representation of urban scenes, including event
modeling, scene modeling, semantic modeling, and rule modeling. Spatial-temporal com-
puting refers to multidimensional computing involving spatial-temporal characteristics,
such as spatial-temporal analysis, spatial-temporal query, and spatial-temporal process
calculation. Simulation inference includes semantic inference, rule inference, and scene
inference, which support urban system modeling and simulation.

(4) Urban geo-visualization component.

The urban geo-visualization component efficiently realizes multidimensional dynamic
expressions of urban modeling results, achieving seamless mapping expression from the
physical world to the digital world. A series of technologies are adopted such as virtual
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and real fusion, vast data rendering, 3D scene definition, and so on. The perception
and cognition of urban simulation results can be enhanced using a variety of human-
computer interaction modes and interactive application forms of different devices. Human-
computer interaction modes include customized Web applications with VR/AR/MR-
enabled interactions between virtual and real environments, and they are facilitated by
a wide range of terminal devices such as personal computers, touch screens, wearable
devices, and mobile terminals.

(5) Urban geo-collaboration.

The urban geo-collaboration component enables various stakeholders of cities and
researchers from different domains to collaboratively participate in urban modeling and
simulation, such as government officials, scientists, businessmen, and the public. The uni-
fied geo-referenced coordinate system in VGEs allows participants to observe and analyze
an urban system on different spatial-temporal scales to understand the urban problem
from diverse points of view. A series of geo-collaboration mechanisms are provided to
ensure efficient collaboration in urban modeling and simulation, including mechanisms
for data collaboration, model collaboration, and visualization collaboration. This kind of
geo-collaboration is a promising tool for allowing different stakeholders to achieve their
shared goals in urban planning and governance.

The above components are supported by the VGE-USMS infrastructure consisting of
technologies and digital facilities that support perception, connection, storage, and compu-
tation. The perception infrastructure includes IoT sensors, Earth observation equipment,
GPS, RFID terminals, and other ubiquitous perception networks. The connectivity infras-
tructure includes advanced connectivity communication equipment, facilities, and systems
such as the Internet of Things, 5G mobile communications, and ubiquitous awareness net-
works. The storage and computation are supported by advanced computing infrastructures
such as cloud computing, fog computing, distributed computing, and edge computing,
which construct an integrated computing resource pool for urban modeling and simulation.

4. Case Studies

VGE can be applied to urban modeling and simulation at multiple scales. Shenzhen, as
one of the key cities of the Pearl River Delta (PRD) in China, has become a pioneer of intro-
ducing geographic information technology in urban development. From the earlier period
of the digital city, planners and managers in Shenzhen kept on integrating multi-sourced
natural, social, economic, and humanities information with heterogeneous spatial data in
VGEs to provide platforms for both professional planners and the public. The following
two cases describe how VGE supports urban modeling and simulation on different scales,
which are VGE-based collaborative modeling and simulation of air pollution dispersion in
the PRD urban agglomeration at the macro scale, and fire emergency crowd evacuation
simulation at the micro scale.

4.1. VGE-Based Collaborative Modeling and Simulation of Air Pollution Dispersion in the PRD
Urban Agglomeration
4.1.1. Background

The Pearl River Delta (PRD) is located in the central and southern part of Guangdong
Province, China. It has nine cities and is a pioneer area of reform and openness in China.
According to a World Bank report, the PRD surpassed Tokyo, Japan in 2010 to become the
largest urban agglomeration in the world by population and area. Along with the two
special administrative regions of Hong Kong and Macau, the Guangdong-Hong Kong-
Macao Greater Bay Area is quickly becoming one of the four largest bay areas of the world
alongside New York City, the San Francisco Bay Area, and the Tokyo Bay Area.

The rapid development of industries in the PRD has brought a significant impact on
the regional environment, especially air pollution. Regional air pollution control requires
effectively coordinated actions of all cities as well as the cooperation of multidisciplinary
knowledge such as atmospheric science, environmental science, geographic science, and
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social science, as well as the participation of government departments, scientific research
institutes, technicians, and the public. To address this important issue, a collaborative
system based on VGEs is developed for the modeling and simulation of regional air
pollution in the PRD urban agglomeration area.

4.1.2. The Architecture

The architecture of the VGE-based air pollution collaborative modeling and simulation
system (VGE-APCMSS) is shown in Figure 6.
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The VGE-APCMSS contains several modules, including a geo-data module, a geo-
modelling and computation module, a geo-visualization module, a network communi-
cation and geo-collaboration module and an analysis and decision-making module. The
entire system is structured as a star topology, with the center of system management node
surrounded by a computational grid node to support MM5/SYSUM-based environmental
circulation and air pollution dispersion modeling and computation, a 2D visualization
node, a 3D visualization node, and users connected by a wide area network. The system
management node takes many roles in the overall system, such as 1© middleware to connect
users and models in the computation environment; 2© security to prevent attacks on the
computational grid; 3© coordinator which detects and negotiates conflicts between multiple
users; and 4© storage of shared data (both pollution source and model computation result).
MM5/SYSUM, which is computationally intensive, is installed on the high-performance
computation node (HPC-node) of the Chinese University of Hong Kong. The environ-
mental data to support the running of MM5/SYSUM is also loaded on the HPC-node.
MM5/SYSUM is controlled by a windows style of model operation interface, which can
be integrated by using 2D geo-referencing visualization (2D geo-visualization) and 3D
geo-referencing visualization (3D geo-visualization). Visualization nodes integrate geo-data
with geo-model operations, pollution result transformations and geographical visualiza-
tions. The geographical visualizations in 2D and 3D environments include geo-model
computation visualization, air pollution (both distribution and dispersion) visualization,
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analysis visualization, and collaboration visualization. The 2D geo-visualization environ-
ment and 3D geo-visualization environment are the system interfaces that can be distributed
on a wide area network. Therefore, users both in the local area and abroad can select one
type of interface to connect to the system, generate running commands for the geo-models,
run geo-models on the HPC-node, collect computation results from the geo-models and
visualize them, and make geo-collaborations during the execution of the above modeling
and simulation steps. In this architecture, geo-collaborations happen when multiple users
conduct collaborative compilations on air pollution sources, operate on the same models,
or carry out simulations.

4.1.3. Results

The top-down workflow of the VGE-APCMSS system is shown as Figure 7. Around
the workflow are multiple participants who conduct geo-collaboration on air pollution
source compilation, circulation and environmental modeling, data transformation, geo-
visualization, and analysis. When a participant logs in to the system, he or she will be
identified to be the social participant such as a governmental official, a geographer, a
computer technician, or an expert such as an environmental scientist. The mode of geo-
collaboration in Figure 7 is hybrid. Some steps are controlled by one participant, while
some steps are conducted by multiple participants from cities located in the PRD region
or beyond.
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Figure 7. Collaborative air pollution dispersion simulation in PRD with VGE-APCMSS.

Two types of operation nodes are provided in order to adapt to different usage habits,
a two-dimensional interface node (Figure 8A) and a three-dimensional interface node
(Figure 8B) using geographic reference coordinates. The data and models behind the
interfaces are shared, and all operations in the simulation loop are supported in both
types of nodes. From geographically distributed locations, participants collaboratively
conduct authorized steps and finally obtain pollution dispersion results. The results are
geo-visualized in the interface shown in Figure 8. Figure 8A shows the air pollution
layered output for the simulated layers and times on background maps. The layers can
be displayed manually to analyze a single image or to create animations. Figure 8B
displays volume rendering, transaction, and iso-surface images in a virtual geographical
environment. Participants in the virtual environment may visually share their analyses
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and make collaborative analyses. Figure 9A shows four participants visually giving their
analyses in the shared virtual geographic environment. Figure 9A shows the concentration
values of various pollutants at key points in detail.

Sustainability 2022, 14, x FOR PEER REVIEW 13 of 21 
 

 

Figure 7. Collaborative air pollution dispersion simulation in PRD with VGE-APCMSS. 

Two types of operation nodes are provided in order to adapt to different usage habits, 

a two-dimensional interface node (Figure 8A) and a three-dimensional interface node 

(Figure 8B) using geographic reference coordinates. The data and models behind the in-

terfaces are shared, and all operations in the simulation loop are supported in both types 

of nodes. From geographically distributed locations, participants collaboratively conduct 

authorized steps and finally obtain pollution dispersion results. The results are geo-visu-

alized in the interface shown in Figure 8. Figure 8A shows the air pollution layered output 

for the simulated layers and times on background maps. The layers can be displayed man-

ually to analyze a single image or to create animations. Figure 8B displays volume ren-

dering, transaction, and iso-surface images in a virtual geographical environment. Partic-

ipants in the virtual environment may visually share their analyses and make collabora-

tive analyses. Figure 9A shows four participants visually giving their analyses in the 

shared virtual geographic environment. Figure 9A shows the concentration values of var-

ious pollutants at key points in detail. 

Figure 8. Two types of interfaces for collaborative simulation ((A) shows air pollution dispersion 

visualization in 2D environment; (B) shows air pollution dispersion in 3D environment). 

 

Step 3: Pollution sources compiling 

 

 

Step 2: Study area selection 

 

Step 4: Set MM5 parameters 

 

Step 5: MM5/ SYSUM computation 

 
TERRAIN, INTERPF, Pollution, 

REGRID, MM5 

 
HPC based MM5 computation 

 

Step 1: Role identification 

 

 

 

Geographer 

 

 

Environmental 

scientist 

 

 

 

Governmental 

official 

 

 

Computer 

technician 

 

Step 6: Data transformation and 

geo-visualization 

 

Step 7: Visualized Analysis 

 

Step 8: Model evaluation 

 

  

 

 Participants 

 

Figure 8. Two types of interfaces for collaborative simulation ((A) shows air pollution dispersion
visualization in 2D environment; (B) shows air pollution dispersion in 3D environment).
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Figure 9. Collaborative analysis in a virtual geographic environment ((A) shows collaborative analysis
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4.2. School Fire Emergency Crowd Evacuation Simulation
4.2.1. Background

In emergency situations such as fires, students need to be removed from schools as fast
as possible, and emergency evacuation is therefore a major concern [70]. We now consider a
three-floor classroom building of a primary school (Figure 10) as a case study. Figure 10a is
the layout of the school campus. The three-floor classroom building is on the upper left of the
campus, shown in Figure 10b. In the classroom building, there are two stairways, here called
the left stairway and the right stairway. There are four classrooms on every floor named
R1, R2, R3, and R4. The layout of a classroom is shown in Figure 10c. There are two doors
(rear door and front door) by which the classroom connects with the floor corridor.

A school is a relatively small geographical environment, but we still need a high-
dimensional virtual environment to express the crowd behavior and characteristics during
an evacuation realistically. Therefore, a VGE framework is employed to construct a micro
modeling and simulation system for school evacuations.
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4.2.2. The Architecture

The VGE-based evacuation modeling and simulation system for schools consists of
three modules (Figure 11):
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Figure 11. The architecture of VGE based evacuation modeling and simulation system for the school.

(1) The micro human–land relationship modeling module. 1© The school space is
logically divided into components of campus, buildings, floors, rooms, staircases, the spatial
shape and geometric boundary of each component are determined, and the topological
relationship and connectivity of each component is built up and a three-dimensional micro
road network is determined; 2© the basic attributes of each student are abstracted, such as
the maximum speed, the radius, etc. Then, the basic behavior of students is modeled to
construct the collision avoidance behavior between students and between students and
obstacles. These models and data are input to the calculation module.

(2) The evacuation process calculation module. The student interactions are calculated
by the VGE behavior model. In this way, the evacuation behaviors of student groups can be
reproduced, showing that the evacuation process always evolves from indoor to outdoor
targets. Calculations of student positions are determined as follows: for student A, let the
initial position be F and the target position be E, a path with many nodes from F to E can be
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determined based on a path finding algorithm such as A* or Dijkstra. We suppose the set of
path nodes be J. At moment T, we suppose the position of A be PT, (1) retrieve the first node
Jn in J as the target, (2) determine the desired velocity with the maximum speed pointing
from Pt to Jn, (3) Find surrounding students and obstacles, take collision avoidance with
these students and obstacles as the discriminant, and then calculate an optimal speed, VT,
(4) We further suppose the time interval between T and T + 1 be dt, then the position at
moment T + 1 can be calculated as PT + 1 = PT + dt · VT, 5) If Jn has not been reached, Jn is
still selected as the travel target. If Jn has been reached, the current first node of J is chosen
as the target, and the steps of (1), (2), (3), and (4) are repeated until E has been reached.

(3) The visualization and interaction module. The calculation process, as well as
the result data, can be used for the visualization and interaction of various terminals,
including 1© 2D visualization and interactions. In this visualization, the terminal is a PC,
and abstract symbols (such as circles) are used to display and identify student locations
and motion directions, abstract symbols (such as line segments) are used to identify the
evolution and temporal and spatial distribution boundary of disasters, and 2D maps
are used to identify the geometry of buildings. Users can use a keyboard or a mouse
to interact with the calculation process; 2© 3D visualization and interactions. In this
visualization, the contents in the VGE are displayed, including three-dimensional buildings,
three-dimensional student avatars and their postures, three-dimensional disaster processes,
and spatiotemporal distributions. In this way, users can interact with virtual scenes and
virtual processes of a VGE through keyboard and mouse input on a PC or can further
interact with those in helmet-mounted VR and AR from a first-person perspective. For
helmet-mounted VR, devices such as handles and data gloves can be used to interact with
virtual scenes; for helmet-mounted AR, dynamic virtual processes (such as fire and crowd
evacuation) can be integrated with real geographic scenes or real geographic sand tables,
and interactions can be gestures and voice.

4.2.3. Results

The evacuation processes were simulated inside the multi-floor classroom building
and outside on the ground. The simulated processes can be divided into the evacuation
processes occurring in the classrooms, in the floor corridors, in the stairwell, and on
the ground. Snapshots of the simulated process during these stages are compared with
corresponding images acquired during a real drill for qualitative validation.

It was assumed that the students were studying in their classrooms; therefore, the first
considered stage of the evacuation was in the classrooms. In the simulation, the evacuees
began their evacuation from the locations at which they were studying. For each evacuee,
the shortest route to the nearest door, either the front door (Figure 12 2©) or the rear door
(Figure 12 1©), was chosen, and the evacuees followed these routes to escape from the
classroom into the corridor (Figure 12 3© and 4©).
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After the evacuees escaped from the classrooms through the front or rear doors, they
entered the stairwell from different floors (Figure 13 1©and 2©) and evacuated through the
stairwell from higher levels to lower levels (Figure 13 4©) until they arrived at the ground
(Figure 13 3©). When the evacuees converged in the corridor, the flow of people formed into
two or three lines (Figure 13 5©) depending on the size and shape of the corridor. During
this stage, the evacuees ran (Figure 13 6©) toward the nearest stairwell. In the stairwell, the
evacuees walked (Figure 13 8©) downstairs in one or two lines (Figure 13 7©). At the landing
of each flight, they would turn and continue their evacuation. All the patterns of evacuee
flow and the motion states during the real and simulated processes were also similar.

1 

 

 

Figure 13. Snapshots of simulated evacuations and real drills. (a) The overall simulated evacuation
process; (b) evacuating through a floor corridor in the real drill; (c) evacuating through a floor corridor
in the simulation; (d) walking downstairs in the real drill; (e) walking downstairs in the simulation;
1© evacuees from the 3rd floor; 2© evacuees from the 2nd floor; 3© evacuees arrived at the ground;
4© evacuating through the stairwell; 5© evacuees con-verged in the corridor; 6© evacuees ran toward

the nearest stairwell; 7© evacuees evacuated in one or two lines; 8© evacuees walked downstairs;.

We also used helmet-mounted VR devices to experience/participate in the evacuation
process (Figure 14) or use helmet-mounted AR devices to mix the virtual disaster and
virtual evacuation process with a 3D-printed teaching building (Figure 15) to conduct
multi-type representations of VGE.
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5. Conclusions and Remarks

Urban environments are witnessing the coupling processes of natural geography and
human geography while new challenges of modelling and simulation have been arisen.
A comprehensive platform that integrates all-round geoscientific solutions appears to
be the best option for complex urban systems simulation. VGEs provide a new type
of tool for comprehensive urban modeling and simulation with advantages of dual-
core data and modeling, multi-modal visualization, geographic collaboration, human-
centric methods, and the improved interaction between virtual environment systems and
physical environments.

Along with newly emerging technologies, VGEs will play a more profound role
in urban modeling and simulation. The maturity of digital twin technology provides
opportunities for building digital twin urban areas by mapping physical urban systems
into the virtual urban systems and conducting interactions between real and virtual systems,
which will significantly improve urban modeling and simulation. The application of the
digital twin involves multiple disciplines such as architecture, engineering, finance, etc.
However, in geoscience, VGE has been more than a digital twin of the physical geographic
environments, because it can extensively fit well with the conceptual framework of the
metaverse of geographic environments that have eight characteristics including identity,
friends, immersive, low friction, variety, anywhere, economy, civility [37]. Consequently,
VGE tends to be suitable to serve as a platform of digital twin urbans that supports urban
modeling and simulation.

The concept of the “metaverse” emphasizes the intercommunication of human behav-
ior in real and virtual environments. In the near future, people will live in a real urban
environment as well as in a virtual urban environment, seamlessly switching between
virtual and reality. This new relationship between human beings and the urban living
environment can be realized by using a virtual geographic environment. VGEs emphasized
a human-centered theory and built an avatar-based framework to realize the integration
and communication between real people and virtual environments, and they contain a
geographic reference, through which one can realize the unification of time and space with
the real world and improve intercommunication between the virtual and the real.
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