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Abstract

Urban digital twins (UDTs) have been identified as a potential technology to achieve digital transformative positive urban change

through landscape architecture and urban planning. However, how this new technology will influence community resilience and

adaptation planning is currently unclear. This article: (1) offers a scoping review of existing studies constructing UDTs, (2) iden-
tifies challenges and opportunities of UDT technologies for community adaptation planning, and (3) develops a conceptual frame-

work of UDTs for community infrastructure resilience. This article highlights the need for integrating multi-agent interactions,

artificial intelligence, and coupled natural–physical–social systems into a human-centered UDTs framework to improve commu-
nity infrastructure resilience.
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Introduction

Global population projections forecast rapid urbanization in

already vulnerable coastal areas (Neumann et al. 2015).

Increasing coastal development exposes more people and infra-

structure to both short-term and long-term natural disasters and

climate change threats. For example, increasingly frequent

extreme weather events have caused exponentially growing

flood damages and other secondary hazards in flood-vulnerable

communities, leading to catastrophic economic losses and infra-

structural failures. Natural hazard risks and associated losses on

infrastructure systems can only be understood and reduced

through integrated investigations across multiple disciplines,

cultures, and international boundaries (Neumann et al. 2021;

Strandsbjerg Tristan Pedersen et al. 2021b).

Coastal communities can largely reduce hazard vulnerabilities

and achieve long-term socially and environmentally intelligent

development through science-informed adaptation planning

activities (Davlasheridze et al. 2021). The development of

smart cities has enabled the collection and availability of

various physical, cyber, and social sensing data to support plan-

ning activities (Allam and Jones 2021; Kudva and Ye 2017).

Analysis and evaluation of modern cities increasingly requires

integrating these multidimensional data sources. For example,

the availability of location-based services through urban

sensing technology has shaped urban life as well as planning

activities toward collaborative efforts between planners, the

public, scientists, and the business communities (Evans-Cowley

2010). As a result, urban planning and management is changing

from a reliance on managing urban growth to also understanding

interactions between natural, physical, cyber, and social systems

within cities. Urban digital twins (UDTs) provide a platform for

supporting this transformation (Batty 2021).

The concept of UDTs originated from the digital revolution

nearly two decades ago (Bostrom 2003). Although there is a

lack of a consensus definition of a digital twin, it is generally

believed that a UDT is a virtual representation of an integrated

urban system, where the digital built environment serves as the

platform to link physical, cyber, and social infrastructure

systems and to provide a data-driven decision-making platform

through a variety of models and methods (Rong et al. 2020; Tao

and Qi 2019; Yoo 2013). In this article, we review the subset of

UDTs that we believe to be most beneficial for increasingly vul-

nerable coastal communities, focusing on UDTs that support

community resilience and adaptation planning.

UDTs benefit coastal communities by providing three-

dimensional (3D) visualization, augmented reality (AR), virtual
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city model, and prediction capabilities, among others. A digital

twin infrastructure platform can enable both ubiquitous net-

worked immersion and virtual human teleportation to any loca-

tion and scale of the built environment (Park et al. 2019). This

will assist planners in solving the compound societal and envi-

ronmental challenges and designing needs while simultane-

ously allowing for augmented and virtual interaction. For

example, the capabilities to accurately visualize and dynami-

cally update the conditions of community infrastructure

enable local residents to create changes in their neighborhoods

and assist with solving existing and future issues (Ham and

Kim 2020). Simultaneously, the ability to model climate

change-based scenarios and test their impacts on the built envi-

ronment through quantitative measurements offers unprece-

dented capabilities for evaluating the hyper-local effects of

projected climate change phenomena, such as sea-level rise

(Han, Zhao, and Li 2020a, 2020b). In coastal regions, such

capabilities associated with UDTs have tremendous possibili-

ties for informing and improving coastal hazard preparedness

and recovery. Therefore, a digital twin of the coastal infrastruc-

ture system will contribute to the development of smarter infra-

structure, in which human, institutions, and environments are

harmoniously and sustainably considered (Batty 2018b). As

a result of synchronizing a range of planning activities, a

decision-support UDT will facilitate the reduction of planning

conflicts, improvement of infrastructure system performance,

and more effective use of social and environmental resources

(White et al. 2021).

The integration of human-centered resilience into UDT

development promotes the concept of human-centered UDTs;

this research is, however, still in its inception compared with

the study of aggregated community resilience (Batty 2018a).

Therefore, it is important to understand the progress and

challenges of the digital twin. To fill this gap, this article syn-

thesizes existing research on UDTs and develops opportuni-

ties for human-centered UDTs in infrastructure resilience

modeling and hazard mitigation planning. Our objectives

are: (1) to synthesize existing research on UDTs for smart

city management through a scoping review of the relevant

literature; (2) to identify challenges and opportunities for

human-centered UDTs in community adaptation planning;

and (3) develop a conceptual framework of UDTs for com-

munity resilience.

This article is organized in the following order: Scoping

Review of UDT Research section presents a scoping review

of UDT literature. Then, Challenges in UDT for Community

Resilience Planning section highlights and discusses the chal-

lenges in developing and deploying UDTs for coastal commu-

nity resilience planning. Opportunities from Human-Centered

Digital Twins for Infrastructure Resilience section builds on

these challenges and discusses the opportunities for applying

UDTs to increase coastal community resilience; here, we also

introduce the human-centered UDT as a key feature. Finally,

Conclusion section concludes the article with a summary that

highlights our key recommendations for future work on UDTs

for community resilience.

Scoping Review of UDT Research

Because the concept of a UDT is currently ill-defined and

related studies are both highly diverse and vary, a full system-

atic review of UDTs is not appropriate at this stage. Instead, we

conduct a scoping review to help clarify the definition of a UDT

and identify related research gaps.

Review Methodology

This review will inform urban resilience researchers and practi-

tioners about the data, methods, and tools used in UDTs.

Our approach follows a four-stage analysis framework to

identify and filter the current literature, including a literature

search, a screening process, a selection of literature, and an anal-

ysis of selected literature (Jelokhani-Niaraki 2021; Prasara-A and

Gheewala 2017). The reference source of this research was

obtained from the web of science. We conducted a bibliographic

analysis and review from both quantitative and qualitative per-

spectives. The existing publications on UDTs were retrieved

from the Web of Science by keywords. We used “urban plan-

ning” or “city planning” combined with “digital twin” or “3D

city model” to filter existing planning-related research in the

first step. Second, a list of keywords was utilized to filter plan-

ning literature returned from step one to identify publications

mentioning UDT techniques: [“urban simulation,” “augmented

reality,” “virtual reality,” “artificial intelligence,” “Internet of

things” (IoT), “GIS”]. Any literature mentioning at least one

keyword was identified as relevant to this review. This process

resulted in a total of 91 selected publications.

A co-occurrence network was used to visualize connections

between keywords from the selected publications (Figure 1).

Among these publications, UDTs have been defined as 3D

semantic city models or digital representation of IoT for the

next generation of smart city systems (Gong et al. 2017;

Howell et al. 2016; Xuan 2015). Datasets used for building

UDTs include 3D point clouds data, traditional geospatial

data, and social sensing data (Fan, Jiang, and Mostafavi

2020). UDT models can be mainly classified into two catego-

ries: 3D city model and dynamic spatial–temporal urban analyt-

ics systems. The 3D city models are mainly built on 3D point

clouds of buildings, infrastructure, and geospatial data. They

are also primarily used for 3D simulation of the urban environ-

ment, collective decision making, and planning. Dynamic

spatial–temporal urban analytics systems are built using real-

time sensing data, two dimensional (2D) geospatial building,

and infrastructure data (Bradley 2015; Zhao et al. 2021).

They appear to be mainly used for real-time infrastructure man-

agement, evidence-based decision making, and planning

(Forster et al. 2015; Kunze 2016; Xuan 2015). While 3D city

models are often used interchangeably with UDTs, they are

not the same. UDTs emphasize the simulation power of com-

puter models, while 3D models are simply a visualization

method. Although a 3D city model is a subset or can be a

type of UDT, we review 3D models related to UDT develop-

ment in this manuscript to showcase what has been done.
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Defining UDT

A UDT is normally defined by considering the meanings of its

three constituent terms: (1) “urban,”which suggests a focus on rel-

atively dense or built-up, city-like environments; (2) “digital,”

which suggests data storage and analysis in a computer-readable

format; and (3) “twin,” which suggests that the digital model is

similar or even identical to the urban area of interest. Some defini-

tions also designate that the digital twin interacts with the real

system (e.g., the built environment) in real time (Tomko and

Winter 2019).

The greatest challenge in defining UDT is determining how

tightly it must be coupled with the real urban environment.

Some investigations consider software for modeling urban

environments as the prototype or even fully fledged UDTs.

For example, White et al. (2021) describe a UDT as a model

developed to characterize key features of socioeconomic

systems and physical environments through the integration of

interdependent social and infrastructural datasets into a

unified urban modeling system (White et al. 2021). However,

because such models are an abstraction or a simplification,

they can hardly be the same as the real system, leading to

some debates as to whether they qualify as UDTs. For the

purpose of this article, we do not emphasize how far a model

must be linked to the living environment to qualify as a UDT,

but instead focus on recent applications of the UDT concept

in the urban planning context. Specifically, we focus on those

papers that are relevant to UDT and coastal resilience planning.

We believe this much narrower and topic-specific scoping

review of the digital twin concept has a strong potential to

benefit practice in the increasingly important area of community

infrastructure resilience.

In the community mitigation planning context, UDT technolo-

gies often benefit stakeholders by providing 3Dmodeling, VR, and

urban simulation functions. The 3D city visualization models can

provide planners, architects, and community participants with

almost real disaster experiences for a proposed structure or site

plan before it is built. The 3D city model is a long-established

term on which there are a large number of publications (Ketzler

et al. 2020). Similarly, VR coupled with urban simulation allows

planners to interact with environments in an immersive, first-

person view before designs are implemented. In the context of

community adaptation planning, UDTs also provide important

approaches for gaining deeper insights into community resilience

through the simulation of multidimensional socioeconomic conse-

quences of climate risk (Francisco, Mohammadi, and Taylor 2020;

Ye et al. 2021). Since UDTs often facilitate and incorporate these

modeling, visualization, and simulation functions, we include these

terms in our scoping review to help narrow our search results for

UDT literature to articles that would be most likely to contribute

to community infrastructure resilience.

UDT Data

Geospatial data, such as earth observation from remote sensing,

geographical information systems (GIS), building information

Figure 1. The co-occurrence network based on high-frequency keywords.
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modeling (BIM), and real-time sensing data, need to be properly

managed in UDT applications to connect data acquisition, data

modeling, and data visualization. Without effective management

of the growing size of geospatial data, planning for complex

resilience issues in coastal communities cannot be achieved, as

the coastal community is a complex system where ocean and

continent meet. The resulting interactions among natural, social

and economic systems must be described across multiple dimen-

sions, requiring significant resources for advanced data acquisi-

tion and management, modeling, and visualization.

UDTs aim to facilitate monitoring of infrastructure, build-

ings, and the landscape of the built environment (Hor, Jadidi,

and Sohn 2016). Emerging sensor technologies and IoT deploy-

ments enable real-time data collection and monitoring of urban

systems through UDTs. Big data and Artificial Intelligence (AI)

help ensure that useful information from the enormous amount

of data can be easily extracted (Rathore et al. 2021).

Nevertheless, compared to the application of these techniques,

the integration of multiple datasets into a UDT framework to

support decision making is quite challenging. In our review,

we found that UDTs mostly use 3D data to represent the

surface of urban environments, with other data types mentioned

much less frequently. As an important data source for BIM,

point cloud data from terrestrial laser scanning is also an impor-

tant data source in digital twin modeling. Additionally, remote

sensing data from satellite imagery provides essential dynamic

semantic information of city spaces and landscapes. Due to dif-

ferent formats and representations of GIS and BIM data, the

fusion of these two data types is necessary for applications in

UDTs (Ketzler et al. 2020). For example, City Geographically

Markup Language (CityGML) and its newer formats such as

JSON (CityJSON) or database (3DCityDB) are examples of

3D city model standards to describe building geometries

(Ledoux et al. 2019). Those standards allow for creating a hier-

archical data structure that optimizes massive 3D data for visu-

alization purposes. These geospatial data include point clouds,

imagery, and 3D buildings.

A common way to create a 3D city model beyond the 3D

buildings is through combining 3D objects with 2D city maps

and two-and-a-half dimensional (2.5D) geodataset (Ledoux

et al. 2021); 2.5D digital terrain datasets are usually derived

from 2D/3D geodatasets (e.g., see Pepe, Fregonese, and

Crocetto 2019; Liang et al. 2016). However, 3D city models con-

structed based on 2.5D datasets may lose some valuable informa-

tion from 3D point cloud data. For instance, height information

from 2.5D city models is usually from interpolation rather than

3D measurements. To fill this gap, Lehner and Dorffner (2020)

presented a concept to transform geodatasets in Vienna into a

geodigital twin, which could serve as a geodata hub to process

all relevant datasets to facilitate the construction of a city infor-

mation model. To achieve this, they proposed a modified level

of detail specification based on the datasets available for

Vienna. Relatedly, Xue et al. (2019) created a digital twin by

developing an unsupervised learning algorithm based on invari-

ant cross-section characteristics of objects in 3D point clouds and

clustering 3D LiDAR point clouds into city objects.

UDT Methods

The 3D city models are essential for visualization and situa-

tional awareness purposes in UDTs (Biljecki et al. 2015).

Nevertheless, constructing a 3D city model is very time-

consuming and tedious; this challenge is frequently mentioned

in UDT-related articles. To facilitate this process, Ledoux et al.

(2021) developed a “3dfier,” which can automatically generate

buildings, roads, overpasses, trees, and other objects in 3D city

models. Other tools, like CityEngine, support urban design by

showing changes in the planned urban environment

(Aboushal 2021). Cesium is another open platform for 3D geo-

spatial data applications, which transforms multiple types of

data into 3D models. Regardless of how they are generated,

the 3D models are usually combined with other techniques—

including AI, big data analytics, and sensor technology—to

build UDTs. For example, to integrate GIS and VR to

enhance public participation in planning, Rzeszewski and

Orylski (2021) uses VR to visualize and explore heterogeneous

3D datasets for urban planning.

The simulation models, which traditionally have been

studied extensively both in 2D and 3D space to inform policy-

making, will be a core part in UDT applications for community

planning supported by the increasing computing power. For

example, the agent-based model (ABM), which reveals

human behaviors and their interactions with the built environ-

ment, is an important approach that can be integrated in the

virtual environment. The 3D environments have the potential

to create a better sense of place for agents to act and interact

with the advancement of 3D visualization and 3D model

(Cheliotis 2021; Crooks, Hudson-Smith, and Patel 2011).

Compared to 2D, 3D can better mimic real-world environments

with minimal information loss and simulate the interactions

between humans and space. With a growing computation

power, several recent works have built 3D ABMs to simulate

human activities in urban space. Cheliotis (2020) simulated

human spatial behaviors in public parks, considering agents’

visions empowered by a 3D ABM. Lenfers et al. (2021) inte-

grated real-time data from IoT sensors into ABM simulation

as a digital twin of its real-world counterpart to investigate

how real-time data can improve predictive capabilities of

ABM in studying active travel behaviors. Other microsimula-

tion models, like micromobility simulation models, can also

be applied to examine local planning policies in a more realistic

model environment (Han, Zhao, and Li 2020a, 2020b). For

example, Kořínek, Tázlar, and Štekerová (2021) exported 3D

building information from BIM and created a simulation envi-

ronment in an ABM platform, toward building a digital twin

model for urban infrastructure planning. As such, the 3D

ABM framework is anticipated to contribute to the field of

architectural and urban design.

An UDT can provide an approach to integrate various capa-

bilities of 2D and 3D models, such as data integration, visuali-

zation, AI, or simulation. For example, in Lenfers et al.’s (2021)

application, a 2D ABM based on the Multi-Agent Research and

Simulation (MARS) open-sourced software, was linked with
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IoT technology to design a symbolic simulation environment

based on the interactions between a simulation environment

and its physical counterpart (Glake et al. 2017). UDT based on

domain-specific and application-specific information extracted

from multiple Machine Learning (ML)/AI tools and 3D point

clouds can be used in many fields, such as environmental moni-

toring, disaster management, and urban planning (Döllner 2020).

UDT Applications

Digital twin applications originated in the aerospace sector and

manufacturing industry. Recently, applications in urban envi-

ronments have gone beyond geometry and information model-

ing and been applied in smart cities and society, systems

engineering, healthcare, utility processes, and robotics for

their advantages in improving assurance of system management

(Pedersen et al. 2021a). From an urban planning perspective,

UDTs have the potential to leverage understanding of cities

through digital transformation and integration of various

state-of-the-art technologies and open new opportunities to col-

lective planning and decision making. It is widely agreed that

UDTs is a virtual pairing of the physical world, which allows

for data analysis and monitoring of urban systems (Mohammadi,

Taylor, and Ieee 2017). A UDT system can detect issues in

urban systems before they occur, identify possible substantial

consequences in the physical world, or be used as an interactive

tool to assist participatory decision making in city planning and

geodesign (Li and Milburn 2016).

UDTs have been successfully applied in many cities glob-

ally. Some of the well-known UDT applications include the

smart city platform of Helsinki (Ruohomäki et al. 2018), the

3D city model of ETH Zurich (Schrotter and Hürzeler 2020),

and virtual Singapore (Gobeawan et al. 2018). These compre-

hensive UDTs all claim to help improve community infrastruc-

ture resilience by testing alternative measures to prepare for

extreme events. Li, Yu, and Shao (2021) described several addi-

tional examples of how digital twins may facilitate construction

of smart cities by mapping physical complexities in the real

world to virtual systems. The authors presented five digital

twin applications based on a smart urban GIS platform,

which includes a smart city operation brain, an intelligent

monitoring system, a smart traffic management system, a

public epidemic control system, and a smart flood monitoring

system. The UrbanSim Inc. developed their platforms for

affordable housing (Waddell et al. 2020) and transportation

planning (Yedavalli et al. 2021).

Other studies developed UDTs focusing more on the integra-

tion of heterogeneous datasets into multilayer systems and

using ML/AI techniques to create geospatial platforms based

on IoT and animation software. Lu et al. (2020) presented a

multilevel UDT for building and infrastructure maintenance.

White et al. (2021) designed and built a digital twin for flood

evacuation planning in Dublin, Ireland. The designed UDT

included layers of terrain, buildings, and infrastructure, mobil-

ity layers, as well as digital and virtual city layers. It enables

multiple simulation applications, including flood simulation,

and crowd simulation. These results illustrate potential

strengths of UDTs to improve engagement of citizens on collec-

tive planning decision making and support natural disaster man-

agement. In addition, the virtual Singapore project provides a

smart city platform to collect real-time data through IoT

sensors for analyzing evacuation models, which enables city

planners to optimize evacuation plans and minimize possible

structural damage and loss of life in urban areas (Ford and

Wolf 2020).

A UDT can facilitate human–environment interactions as

well. Dembski et al. (2020) developed a prototype of UDTs

for participative and collaborative planning and design pro-

cesses using a mixed approach in Herrenberg, Germany. A

3D model of the built environment was built into the digital

twin platform together with space syntax-based street networks,

an urban mobility simulation model, and a pollution simulation

model. Ahn et al. (2020) proposed a digital twin city model for

effective risk-informed decision making in urban planning. In

addition, a recent 3D UDT study in the Computer-Aided

Virtual Environment enabled an updatable model along with

interactive and immersive visualization, which aims for

robust prediction of future patterns of potential risks based on

physical vulnerability in urban areas (Kim, Kim, and Ham

2019). The updated UDT model allows analyzing the spatio-

temporal information of physical vulnerability, which supports

city decision makers to predict primary and secondary damage

incurred by infrastructure failure (Ham and Kim 2020). Those

UDTs analyze “what if” scenarios with the increased visibility

into a given hazard event.

Challenges in UDT for Community Resilience

Planning

Although UDTs show a potential to help enhance community

infrastructure resilience, challenges exist in constructing UDTs

for community adaptation planning. Identified challenges of

digital twin development at different stages of digital twin model-

ing include data management, visualization, and integration of

subsystems. Carvalho and da Silva (2021) evaluated the limita-

tions of digital twin-based systems research from a sustainability

perspective, and found several barriers in digital twins, includ-

ing unclear understandings of the potential benefits of digital

twins and needed improvements to technical implementation

of digital twins in the context of data sensing and analytics,

visualization, information modeling, and simulation. As such,

this section details three critical challenges in complex decision

making, digital twin visualization, and social–physical systems

integration when developing UDT systems for promoting com-

munity resilience.

Insufficient Support for Complex Decision Making

Developing a 2D map and 3D virtual environment are two fun-

damental steps in the construction of digital twin modeling

(Dembski et al. 2020). Further, the application of AR and VR

in digital twins could improve planning design by facilitating
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a transition from expert driven decision making to collective

decision making. However, several challenges must be resolved

to achieve UDT modeling for community resilience. Most

existing UDTs are ad hoc platforms for customized purposes.

There is a lack of flexible UDT platforms to integrate multiple

datasets from different sources for a variety of purposes.

Existing tools, such as CityEngine, cannot fully provide power-

ful data management and real-time interactive analysis in UDT

applications. This limits the application of UDTs in urban plan-

ning and related fields.

Risk-informed decision-making efforts in coastal communi-

ties involve both gathering and sense-making of information

before/during/after an incident. Many local planning agencies

already have systems to gather information about major critical

infrastructures. Examples include vulnerability examination

and monitoring systems regarding which bridges are likely

flooded and which need to be closed for further inspection

(Ham and Kim 2020). However, in adaptation decision

making, urban planners and policymakers often involve

in-depth analysis and knowledge interpretation. For example,

although infrastructure damage from flooding can be estimated

based on historical datasets, it is not clear how to build infra-

structure to accomplish resilient flood adaptation—especially

when coupled with a changing climate (Fereshtehnejad et al.

2021). Understanding the multiplier effects of natural hazards

on infrastructure systems requires measuring dependencies

between social and physical systems (Arrighi, Pregnolato, and

Castelli 2021).

Infrastructure systems (such as transportation, communica-

tion, sewage and water, and electricity systems) play vital roles

in the security, economy, and public health/safety of a society.

The interdependence between critical infrastructure systems

creates a unified urban system. Due to the interdependence

between infrastructure systems, decisions regarding infrastruc-

ture resilience require a more thorough understanding of system-

wide urban resilience. Existing data-driven models using AI

could improve prediction accuracy given historical records.

Nevertheless, future cities cannot be predicted (Batty 2018b).

The current 3D models designed for visualization are insuffi-

cient to support complex decision making within the urban

nexus of human and natural systems for situations with rapid

socioeconomic and environmental changes. Global climate

change would result in rapid deterioration of the local environ-

ment, which may cause more unprecedented natural disasters

(Strandsbjerg Tristan Pedersen et al. 2021a). Technology evolu-

tion, such as the adoption of autonomous vehicles, also produces

disparate socioeconomic changes in urban infrastructure systems

(Zhang and Guhathakurta 2021). It is challenging to make long-

term infrastructure investment decisions under high uncertainties

of the coupled natural and social systems.

Lack of Engagement and Unclear Goals for Participatory

Urban Planning

Coastal communities usually have diverse populations, demand-

ing consideration of environmental justice and other complex

needs. A participatory planning approach is now considered fun-

damental to all community planning efforts, especially in highly

demographically diverse communities. It is essential that these

participatory planning efforts are also inclusive. The concept

of UDTs for participatory planning relies on the integration of

dynamic data and information in decision making coordinated

by IoT systems. Nevertheless, most existing datasets for UDT

development do not reflect dynamic features in urban systems.

Timely and accurately capturing socioenvironmental changes

in cities through social sensing in UDT for planning practice

needs to be further explored. Second, although 3D city models

could enhance visualization of the urban spatial–temporal infor-

mation, current UDT is not convenient to use 3D city models to

simulate urban system changes. It can be challenging to integrate

data from various sources and efficiently visualize different

formats of data within a single platform in terms of both com-

putational power and software integration. Therefore, more

flexible UDT applications for a variety of planning purposes

are urgently needed. Third, current UDT platforms focus more

on the development of 3D urban environments. However, few

studies have demonstrated how to integrate existing 2D plan-

ning models into UDT platforms. These 2D models, such as

land-use change and transportation demand models, are essen-

tial tools for planners to study future urban landscape and trans-

portation planning. Traditionally, these models are calibrated

and tested using expert knowledge or local travel survey data.

It is not currently clear how UDTs could utilize social sensing

data to improve existing planning models through multidimen-

sional visualization.

Research Gaps in Integrating Social–Physical–Natural

Systems to Tackle Climate Change Impacts

To tackle challenges in coastal resilience from natural disasters,

it is crucial to incorporate resilience models to answer “what if”

questions for community design and planning purposes.

Microsimulation models with socioenvironment interactions

on the individual level can play a role in simulating human

behaviors under social and environmental changes and examin-

ing alternative urban designs or land-use plans to improve com-

munity infrastructure resilience in sustainable development.

Existing research on UDTs focuses more on the software side

of creating virtual digital models of the physical environment,

rather than on human-centered behavior analysis for participa-

tory urban planning and policymaking. Given the highly

diverse and heterogeneous information in resilience studies,

new studies need to fill the gaps between 3D city model and

participatory urban planning, including exploring how integrat-

ing geodesign and agent-based simulations within digital twins

may meet this need. Specifically, in addition to simulating how

disasters and climate changes can threaten physical urban

systems, UDTs should enable decision makers to foresee the

cascading impacts of climate hazards on social resilience. For

instance, based on the simulated or observed building/road

damages caused by a flood event, UDT models can infer the

potential impacts of damaged buildings/roads on the
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accessibility to local business, social capital, public health, and

education systems.

Opportunities from Human-Centered Digital

Twins for Infrastructure Resilience

Integrating Multisourced Data Analytics for

Infrastructure Data Science

UDTs can facilitate data-driven decision making for infrastructure

management by connecting different datasets and applications

(Arrighi, Pregnolato, and Castelli 2021). In this context, UDTs’

abilities to inform infrastructure-related policy decisions could

provide a timely and viable approach to enhancing the resilience

capabilities of coastal people and communities. Particularly,

human-centered and social-centered resilience studies built on

infrastructure data from crowdsourcing, remote sensing, and

social sensing could strengthen the science and practice of infra-

structure resilience through community-driven capacity-building

activities. These activities account for the social, cultural, environ-

mental, and health factors of people and infrastructure in vulner-

able areas that influence communities’ ability to thrive (Cai et al.

2018; Zou et al. 2018).

Urban infrastructure systems, including physical, cyber, and

social infrastructure, are fundamental to undergird urban econ-

omies and play an essential role in maintaining the proper func-

tionality of cities (Nochta et al. 2021). As Simpson (2001)

mentioned, the ability to analyze multisource information is

one of the challenges in urban planning. Data-driven modeling

and analysis via UDTs can help identify people and places that

are most physically and socially vulnerable and thus minimize

environmental and economic disruption to people and commu-

nities (Ham and Kim 2020). Given that the size of available

physical, cyber, and social infrastructure data relevant to disas-

ter resilience has been growing at an exponential rate, there is an

imminent need for leveraging infrastructure resilience through

more effective data management and applications (Zhou et al.

2019). Although sophisticated models have been applied indi-

vidually to assess the vulnerability of a single place (e.g.,

Galveston, Texas; see Fereshtehnejad et al. 2021), such

models are not easily extensible to other places and datasets.

Research on how to integrate heterogeneous data, algorithms,

and models efficiently for complex urban policymaking and

resilience decision making is needed to fill this gap.

Data management is the core component of UDT modeling.

Although many robust, reliable, free, and easy-to-use data man-

agement systems exist (including PostgreSQL, Oracle, and

SQLite), the development of UDTs requires utilizing data

from heterogeneous sources (Fan, Jiang, and Mostafavi

2020), including real-time sensors, geospatial datasets, and

BIM systems for urban terrain, land use, and infrastructure

data (among others). Conducting read/write operations on

these datasets can be time or resource consuming. As a major

technique to achieve infrastructure resilience in smart city con-

struction, the development of UDTs needs to efficiently support

multisource data fusion, state-of-the-art algorithms and models

for data analytics and provide a multidimensional reference for

urban studies and planning.

Recent technological developments provide opportunities for

UDTs to more efficiently meet the needs for data management

and modeling. Cloud-based systems with distributed data man-

agement and high-performance computing power can facilitate

UDT data fusion and analysis (Zhang and Guhathakurta 2021).

The availability of distributed, local, up-to-date, and free social

sensing data, such as Geo-tagged Twitter and Foursquare,

together with infrastructure and spatiotemporal data from

ubiquitous sensors and social sensing will significantly help

meet the data needs to build human-centered UDT. In addi-

tion to cloud-based solutions, redundancy processing or

downscaling may also be needed in study areas based on

large datasets, since it can be challenging to conduct a model-

based simulation of the entire city in a short time and within a

3D environment, especially if considering future uncertainties

from climate change and policy interventions. A multilayered

data management system within UDT models is necessary to

achieve this (Tao and Kang 2021). The recent development of

ready-to-use AI tools also provides cutting-edge techniques

and models to tackle challenges in urban infrastructure

systems (Homainejad 2015). These tools and models often

require data fusion of large, heterogeneous datasets (includ-

ing from ubiquitous urban sensors and public data sources,

such as socioeconomic data from census surveys) to calibrate

and validate the model structure and fine-tune model param-

eters. So UDTs would provide a platform for automating AI

and big data analysis for infrastructure resilience (Anejionu

et al. 2019; Kudo, Akitomi, and Moriwaki 2015).

Finally, because the top-level design of UDT systems plays a

fundamental role in data management and sharing objectives,

knowledge graphs may also be useful in UDT development.

The development of digital twin data and application system

architecture needs to consider the role of each subsystem and

engagement between different subsystems. To make smart city

systems more interoperable and explainable, knowledge graphs

with semantically linked information on urban infrastructure

systems, communities, and the built environment, could be

used to create a linked framework for sharing data and support

various purposes of infrastructure resilience. A knowledge

graph of a digital twin for coastal resilience could aid in under-

standing infrastructure/subsystem dependencies and improving

knowledge from datasets and subdiscipline domains (such as

landscape, transportation, buildings, and ecology) for planning

and purposes. For example, Akroyd et al. (2021) developed a

digital twin based on the knowledge graph to support intelligent

design without affecting the physical world.

Integrating Multi-Agent Interactions for Coastal Risk

Communication

Integrating scientific knowledge related to social and physical

interactions will facilitate coastal risk communications in

hazard mitigation. Although the human capacity to understand

and manage climate risk is increasing over time, the path to
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integrating scientific knowledge and social learning into risk

management has been relatively slow. For example, recent

studies found that, although many communities across the

United States have a much higher flood risk under sea-level

rise than the Federal Emergency Management Agency has esti-

mated, many residents in these communities lack understanding

of these risks and oppose updating flood risk maps due to pos-

sibly higher insurance rates (Flavelle et al. 2021). Similarly, long-

term decision making on urban development and infrastructure

investment can be challenging without a comprehensive under-

standing of and preparedness for climate change and sociotechni-

cal evolution. Infrastructure resilience and efficient risk

management need to respond fast to potential risks within

complex socioenvironmental systems. Up-to-date scientific

knowledge needs to be timely delivered to public and private

stakeholders through virtual simulation and scenario planning to

enhance disaster response and collective decision making. UDT

platforms that facilitate awareness and understanding of

complex and emergent risks are, therefore, needed to enhance

coastal risk management through more resilient decision making.

Through customizable geospatial tools, a UDT platform

could represent an integrated social and human-centered infra-

structure system for infrastructure resilience. Urban micromo-

bility simulation models have been widely used to examine

the vulnerability of transportation systems under disasters and

adverse climate conditions (Han et al. 2021). The vulnerability

of urban infrastructure systems has also been widely examined

under climate change impacts (Neumann et al. 2021). However,

applications of these research outcomes to support planning dis-

cussions and decision making are still rare.

The integration of up-to-date social and physical infrastruc-

ture data, vulnerability, and resilience assessment models with

scientific information into the digital twin framework will sub-

stantially facilitate coastal risk communications in infrastructure

management. Up-to-date science-informed climate adaptation

scenarios and their potential effects on infrastructure resilience

need to be analyzed and visualized in an ad hoc digital environ-

ment tailored to meet stakeholders’ needs. In one such effort,

a research team studied how flood models may be combined

with economic loss models to create interactive tools explor-

ing scenarios for local to national economic impacts of a hur-

ricane storm surge in Galveston Bay (Yildirim and Demir

2019). Results showed that the complexity and design of

tools used to visualize the scenarios should be adaptable to

the varying needs, expertise, and abilities of different user

groups (Retchless et al. 2021).

To better engage stakeholders, UDT platforms should be

similarly adaptable in their design—including through the use

of multiple presentation formats, such as interactive maps and

AR/VR techniques. This diversity of presentation formats will

encourage collective decision making through public participa-

tion and improve social learning on infrastructure risk and com-

munity vulnerability. Such tools and platforms need to help

users place hazards events and exposure levels in a more

local and meaningful context, thereby increasing user engage-

ment (Bolton et al. 2018). The ability to personalize and

contextualize hazards may be particularly important when

studying infrastructure risk under complex hazards (i.e., those

with long-time scales, multiple scenarios, lagged responses,

and multivariate human–environment interactions) that create

wicked problems for risk communication for infrastructure.

Integrating Coupled Natural–Physical–Social Systems for

Landscape Architecture

Landscape architecture is the field that deals with the design,

planning, and management of natural and built environments

(Li and Milburn 2016). Traditionally, changes in local climate

conditions and social and human elements in infrastructure

systems have been rarely considered in landscape dynamics.

Advancements in location-aware, communication, and mobile

technologies during the past two decades, as well as improved

understanding of natural environmental change processes, have

transformed the focus and use cases of landscape architecture,

shifting it from mostly site-scaled static assessments to

community-scale or regional-scale assessments of spatial, tem-

poral, and dynamic relationships that integrate human behaviors

across multiple environments.

Although advances in studying community vulnerability to

hazards over the past few decades have enabled improved land-

scape planning for community resilience, given the difficulty of

integrating multiple GIS, BIM, and CIM (Civil/City/

Construction Information Modeling) into a single UDT plat-

form, most existing studies focus on building a digital twin

environment through digital maps rather than applying land-

scape or urban planning approaches. Existing urban simulation

models create an opportunity to extend UDT platforms beyond

current digital maps-based approaches to support analyses that

include interactions between land use, transportation, the

economy, and the environment (Han and Peng 2019).

Further, silos within the design, social, and engineering sci-

ences as well as yawning gaps between research and practice

have made sustainable and equitable development difficult

(Ye et al. 2021). Coastal risk communications require decision

makers to better identify the potential risk of diverse stakehold-

ers, connect with stakeholders using up-to-date information,

and inspire stakeholders to make risk-wise decisions under

adverse conditions. Microsimulation modeling results could

indicate adaptation benefits under different public–private

adaptation scenarios and future climate change projections on

multiple spatial–temporal scales (Han and Peng 2019). Digital

twin platforms need to integrate urban simulation models in

evaluating adaptation plans and visualizing results. The

digital twin’s integration of these models should emphasize

facilitating decision makers’ understanding and interpretation

of scenario simulation results under the compounding effects

of urban development and climate change (Small and Xian

2018).

Critical to risk-informed decision making in coastal commu-

nities before/during/after an incident is the gathering and sense-

making of information. By enabling coupled socioenvironment

interactions in the virtual system, human-centered UDT
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platforms could function as an interactive laboratory for future

cities by incorporating landscape architecture design into infra-

structure systems based on justified “what if” assumptions.

Various physical, socioeconomic and natural climate factors

could be considered in the design and planning of the built envi-

ronment and provide collaborative forms of design through

multiple techniques and models. The advancement of built

environment science through the integration of digital and

social elements within the UDT will create diverse simulated

built environment scenarios (Liu et al. 2017). The linkage of

these processes to human-centered infrastructure resilience

through community engagement will also provide necessary,

localized information to feed into the model.

Since there exists no readily available digital twin model and

source of information for up-to-date “local data related to vulner-

ability and associated potential cascading risk assessment, a

readily available UDT for infrastructure resilience will allow us

to better understand the current state of communities by quickly

identifying up-to-date potential risks for effective risk-informed

decision making while avoiding potential damage to the real

urban systems (Akroyd et al. 2021). Researchers still need to

fill this gap in UDT modeling to understand the high-resolution,

contextualized spatiotemporal information of local vulnera-

bility, including its relationship to physical, cyber, and

social infrastructure widely distributed within coastal com-

munities affected by hazards. Challenges in UDT for

Community Resilience Planning section, and Opportunities from

Human-Centered Digital Twins for Infrastructure Resilience sec-

tions are summarized in Table 1.

Conclusion

This article presents a review of the research on UDTs, identi-

fies crucial challenges in building UDTs, and proposes a

research framework for UDTs for infrastructure resilience.

Given the range of adaptation planning goals and constraints,

coupled with uncertainty as to when the actual planned activity

will take place, the development of a standard operating proce-

dure that complies with local needs through engagement poses

another challenge. Further, modeling the interactions and

dynamics between and within natural and social systems at

high spatial–temporal resolutions can be difficult due to a

lack of accurate data, unknown mechanisms, dynamic

changes in the built environment, and intensive computation

costs. More informed decisions and better affordances for inter-

agency coordination may lower the costs of maintaining and

using the coastal infrastructure system, which can contribute

novel understanding and provide innovation in addressing

infrastructure challenges. The UDT platform will allow resi-

dents, planners, and decision makers to communicate,

monitor, project, and track the impacts of multiple infrastruc-

ture management scenarios and activities and assess potential

social and economic impacts of various construction, mainte-

nance, and alternatives (both current and planned).

In order to fully benefit from the UDT, this study suggests

that future UDT for coastal infrastructure resilience needs to

integrate multisourced data analytics, human-centered infra-

structure risk assessment, 3D urban visualization, and AI into

the same framework. The benefit of developing 3D UDT

based on IoT and web technologies will provide flexible and

ready-to-use platforms for decision makers and planners for

resilience planning. The use of emerging ML and AI technolo-

gies could effectively develop data-driven tools for situational

risk awareness. The human-centered digital twin framework

enables multiple infrastructure resilience services, including

emergency responses, risk identification, and adaptation plan-

ning and decision making. UDTs facilitate interdependencies

between infrastructural systems, which will leverage infrastruc-

ture risk management under climate uncertainties. The human-

centered UDT model integrates data-driven analytics with

theory-driven models to present a multisensory learning envi-

ronment for collective planning and evidence-based decision

making, which will enhance decision outcomes in community

resilience planning and infrastructure risk management.
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