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Cyberspace models in GIScience. Similar to the web-based GIScience frame-
work, conceptual and logical models of CyberGIScience aim to provide reliable
solutions to integrate various hardware and software systems and interact
with end clients through layers such as cyberspace servers and networking
layers. Conversely, CyberGIScience is different from web-based GIScience in its
human-centric design and better capability for analyzing massive data volumes.
CyberGIScience does not only run on the web system but incorporate complex
human activities as well as sensors in cyberspace efficiently and securely.

Spatiotemporal, semantic, and topological modeling of cyberspace data. Big
data from cyberspace provide a new lens for observing dimensions beyond
geographic space. Attributes extracted in cyberspace should be integrated into
a geographic context. Similarmodels can be adopted to represent activities in cy-
berspace resulting in digital spatiotemporal trajectories. Modeling semantics is
another important aspect of cyberspace data. Diverse types of information
beyond spatial location can be utilized in cyberspace, such as text, image, video,
website logs, and social media links. Topological structures in cyberspace that
are determined by spatio–social relations and flows can provide valuable insights
into urban structure in geographic space. Challenges such as data models to
represent phenomena in cyberspace should be further researched.

GEOSPATIAL DATA ANALYSIS IN CYBERSPACE
Understanding spatiotemporal patterns associated with natural or human-

induced processes has long been on the research agenda of GIScience. Cyber-
space-related big data provide new perspectives in spatial knowledge discovery
and explore challenges that have not been well addressed so far. Here, we briefly
discuss the most important ones among them.

Cyberspace for geo-visual analytics. Various types of cyberspace-related big
data enable discovering evenmore knowledge than that of the geo-social dimen-
sions in previous related studies, an undeniable trend several opportunities allow
to simultaneously observe both geographic and cyber systems (e.g., surfed web-
sites recordwith geographic position). Thus, it appears that high-resolution trajec-
tories in both geographic space and cyberspace are feasible, which has become
a target for improving current geo-visual frameworks.

Figure 1. The conceptual view of GIScience from the
perspectives of geospatial big data and cyberspace

Cyberspace for GIScience infrastructure. In an
environment of rapidly evolving technology and
data, GIScience technologies must be adapted
for data-intensive tasks. The challenges posed
by the paradigm shift of activities to cyberspace
are attributed to multiple sources of big
data and requirements for high-performance
computing and new data models to store and
represent the complexity of city systems.

Cyberspace for knowledge discovery of rela-
tions and interactions. Typically, models of
spatial relationships are built from flow data
that document the interactions among spatial en-
tities. Cyber-related big data, such as social me-
dia data, are normally useful in reconstructing so-
cial relations. However, challenges in terms of the
convergence of social relations and spatial rela-
tions exist inmultiple forms, including integrating
physical and cyber interactions in the same
framework and proactively identifying algo-
rithm-driven behaviors of the major platforms.
Meanwhile, effective initiatives that decentralize
the power of social media platforms and ensure
accountable sovereignty of algorithms should be
placed on the agenda that can be helpful to data
privacy and security.

Cyberspace for knowledge discovery of classi-
fication and prediction. Cyber-related big data
have proven to be useful in classifying natural
and human-induced spatial structures. Thus, inte-
grating social-sensing big data with remote

sensing enables better observations of actual human activities, resulting in
more accurate imagery classification results. Another challenging and promising
topic lies in the role of compound influences of geographic and cyber human ac-
tivities for classification and prediction. Therefore, cyber activities may no longer
serve simply as additional features in Geo-AI models but must also be integrated
with physical activity as a whole.

THE ROLE OF CYBERSPACE IN GEOSPATIAL APPLICATIONS
With the rapid development of the Internet, cyberspace influences most as-

pects of personal life and society. Moreover, most, if not all, human activities
and behaviors that take place in cyberspace will be recorded to produce cyber-
related big data that can be harnessed for many GIScience applications and in-
sights. For instance, high-frequency cities, human mobility in cyberspace, digital
twins, connected and autonomous vehicles, self-navigation systems, climate
change, and emergency and disaster response as well as maritime and aerial
mobility forecasting are all features that span geographic space and cyberspace.
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Strategy evaluation and optimization in response to troubling urban issues
has become a challenging issue due to increasing social uncertainty, unreli-
able predictions, and poor decision-making. To address this problem, we pro-
pose a universal computational experiment framework with a fine-grained
artificial society that is integrated with data-based models. The purpose of
the framework is to evaluate the consequences of various combinations of
strategies geared towards reaching a Pareto optimum with regards to effi-
cacy versus costs. As an example, by modeling coronavirus disease 2019
mitigation, we show that Pareto frontier nations could achieve better eco-
nomic growth and more effective epidemic control through the analysis of
real-world data. Our work suggests that a nation’s intervention strategy could
be optimized based on the measures adopted by Pareto frontier nations
through large-scale computational experiments. Our solution has been vali-
dated for epidemic control, and it can be generalized to other urban issues
as well.

Intractable urban issues, such as major epidemics, traffic congestion, envi-
ronmental pollution, and imbalanced urban planning, pose a significant risk to
citizens and a great burden to city governors. To deal with these issues, man-
agers are implementing socio-technological advancements to transform their
cities into smarter and more resilient areas through strategic optimization.
Much exploratory work has been completed using parallel systems1 to achieve
effective city planning and management. However, current efforts are not
enough to deal with these challenges. For instance, the contagion of the coro-
navirus disease 2019 (COVID-19) and its variants is still affecting the daily lives
and economic activities of millions of individuals.2 Therefore, the challenge of
combining the latest techniques in the fields of machine learning, dynamic plan-
ning, and data mining with fine-grained artificial societies is an urgent problem
to be solved, as it could lead to a pragmatic solution for strategy evaluation and
optimization.

In this perspective, we uncovered the full potential of integrating data-analytical
techniques and agent-based artificial society models. We designed a universal
computational experiment framework for strategy evaluation and optimization
when dealingwith urban issues (shown in Figure 1). Firstly, in response to specific
needs and problems (e.g., adjustment of epidemic control strategies), we used
the agent-based modeling approach to build an artificial society corresponding
to a real city. Secondly, the artificial society was driven by real-world data to
conduct computational experiments. Using computational experiments, we de-
signed rules for the combination and interaction of differing types of agents.
Finally, we obtained various scenarios and ran them to produce complete sce-
nario data. We modeled and analyzed these data with machine-learning or
data-mining techniques.3 Considering that decision-makers focus mainly on
two indicators, cost (e.g., denoted by time or expenses) and efficacy, we aimed
at customizing the data-based evaluation model toward a Pareto optimum.
The best strategy was finally obtained based on evaluation under various
scenarios. Next, we illustrated our solution by taking the containment of
COVID-19 as an example.

Though governments around the world have adopted various interventions to
contain COVID-19 transmission, individuals are still suffering from the effects of
the epidemic.4 Moreover, as the variants become more transmissible, precise

prevention becomes more difficult, and the frequency of city lockdowns during
emergencies increases, as seen in China. Despite China’s success in containing
COVID-19, the underlying heavy cost has stirred a global debate on whether
these stringent measures were necessary. As a result, the question of what
the optimal intervention strategy is urgently concerns decision-makers going
forward.

DESIGNING A UNIVERSAL COMPUTATIONAL EXPERIMENT FRAMEWORK
In the framework, data models are responsible for calibrating the parameters

of simulation models, providing prior information for calculations, and evaluating
results after the simulation, while the fine-grained, agent-based artificial society
provides a testbed to conduct epidemic simulations under complex scenarios
at various spatial scales. The set of generated agents captures the average char-
acteristics of the real population, which may change over time. The dynamic
feature of the artificial society allows a more realistic analysis of an epidemic
as well as amore informative evaluation of intervention strategies.5 For instance,
the artificial society can give information on the diagnosis of an individual (and
their activity trajectory), the infection situation at a school or workplace, or the sit-
uation of an outbreak in a city.
We illustrated the strategy optimization process for containing the spread of

COVID-19 as follows. Firstly, based on the intervention strategies collected
from Pareto frontier nations (identified by real-world data analysis), an alternative
strategy set was formed by further considering expert advice. Then, large-scale
computational experiments were conducted on the alternative strategy set.
Most measures were fixed, and then one or a combination of the measures
(e.g., the starting time or the duration of the lockdown) were adjusted. Based
on the evaluation results, the strategy that optimized pandemic control and eco-
nomic growth simultaneously was found.

DEVELOPING DATA-BASED MODELS
Since CO2 emissions were well modeled in previous studies that predicted

gross domestic product (GDP) growth and incidence rates,6–8 we built a predic-
tive model using CO2 emission data as a bridge connecting incidence rates with
GDP loss. The model was validated by comparing our model output with the
actual GDP percentage losses in four cities: therewas about an 8.68% loss inWu-
han, a -2.90% loss in Beijing, a 2.29% loss in Guangzhou, and a 2.04% loss in
Wenzhou. Moreover, we also modeled the governmental expenses for curing in-
fected cases during the epidemic. With thesemodels, we could evaluate the eco-
nomic costs of interventions.
We developed a dynamic risk source model9 to operationalize the risk

emanating from an epicenter by using the relative difference between the pre-
dicted number of cumulative cases (with an estimation based on outbound flows
to any prefectures) and the official reported dataof COVID-19. Themodel not only
forecast the distribution of confirmed cases but also identified regions with an
elevated risk of transmission at an early stage. We used the generated risk score
as warning information to aid the decision on whether more stringent measures
should be adopted.
We have developed two data-based models for evaluating and assisting the

optimization of interventions in the artificial society, respectively. The datamodels
can also be adapted and replaced to suit the practical needs of different issues.
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OPTIMIZING THE STRATEGIES TOWARDS A PARETO OPTIMUM
Based on the solution for strategy optimization, we first conducted a real-

world data analysis by using the nondominated sorting genetic algorithm II10

in over 62 countries and found a Pareto frontier among these countries in terms
of optimizing pandemic control and economic growth simultaneously. Through
analysis, we found that China and South Korea were on the Pareto frontier, indi-
cating that their strategies showed advantages in balancing their economic
growth and epidemic containment during 2020–2021. Moreover, we selected
two other representative countries, i.e., the United States and the United
Kingdom. After quantifying the intervention strategies of these countries, we
compared their control efficacy and economic costs through large-scale
computational experiments in a virtual artificial society under the same initial
conditions. The Chinese strategy saved more than 22.3% in economic cost
and reduced over 120 000 infection incidences compared with the United
States strategy. However, the model showed that there is still room for improve-
ment in the Chinese strategy.

Thus, we took theChinese strategy as abenchmark and investigatedwhen and
to what extent the lockdown measures were necessary for a prefecture while
keeping other measures the same. The results confirmed that in the context of
emergencies, not only in terms of epidemic control but also in terms of economic
benefits, the timing of lockdown measures in advance produced a superior
outcome. Taking the counterfactual scenarios of Wenzhou as an example, if
the lockdowns had been implemented once the risk index flagged high local
transmission risks on January 27, 2020, the total number of confirmed cases
in Wenzhou would have been reduced by �90% and GDP losses would also
have been reducedby 27.09%comparedwithwhat really happened.We conclude

that in conjunction with the risk source model, adjusting the timing of the lock-
down measures would allow for further optimization of the Chinese strategy.

DISCUSSION
In this work, we showed a new perspective on leveraging a universal

computational experiment framework based on an artificial society to
adjust strategies toward a Pareto optimum. Taking the mitigation of
COVID-19 as an example, the proposed data models estimated the eco-
nomic costs of an intervention strategy and quantified the risk of
community transmission in a city. Our findings provide many implications
for policymaking, two of which are as follows: (a) the artificial society
could effectively support the adjustments of intervention strategies
towards a Pareto optimum by taking the strategies of the Pareto frontier
nations as a reference. (b) We verified that lockdown measures should
be adopted in advance when the evaluated risk score is high and that these
measures were effective and reduced economic costs regardless of the
population size of a city. This point was also verified by a comparison be-
tween the epidemic control in Shenzhen and Shanghai from March 2022.
There is no doubt that our perspective and methods can be applied to other
areas of urban governance, such as traffic dispersion, emergency
response, and environmental protection. We will explore these aspects in
future work.
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Figure 1. Overview of the proposed universal computational experiment framework for strategy evaluation and optimization in a fine-grained artificial society We took the
containment of coronavirus disease 2019 as an example. The effectiveness of the proposed framework is validated by multi-source data during 2020 and 2021.
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be adopted in advance when the evaluated risk score is high and that these
measures were effective and reduced economic costs regardless of the
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