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1 INTRODUCTION & SCOPE OF WORK

Worldwide, cities face unprecedented pressures to provide adequate resources, infrastructure,
services, and resilience plans against the compounding threats of climate change. Urban
management and development (UMD) must simultaneously benefit human populations while
mitigating environmental impacts — a challenge that demands innovative, data-driven
approaches. Digital Twins (DTs) have emerged as one of the most promising tools for tackling
UMD challenges, enabling real-time monitoring, predictive modelling, and scenario analysis at
the city scale [1]. However, existing DT frameworks often lack a unified theoretical grounding
and fail to adequately integrate the complex interplay between people, nature, and infrastructure

[2].

Based on many years of study, this research defines a DT from a data perspective as a dynamic
virtual representation [3] integrating heterogeneous data sources to capture urban complexity
across three key dimensions: (1) physical assets and city form; (2) processes, services and
systems; and (3) human activities. This research addresses existing gaps by presenting a
cohesive research programme centred on three interconnected contributions: (1) multi-modal
data-driven digital twinning processes; (2) the Five-layer Multi-scale Digital Twin Theory
incorporating People (FMDTT-People); and (3) the Road-Flood-User CHAINS (Coupled Human,
nAture and INfrastructure Systems) digital twin. Together, these contributions chart a pathway
towards next-generation resilient cities aligned with global sustainability goals.

2 METHODOLOGY

The research is structured around a three-part progressive framework, as illustrated in Figure
1. The framework is organised along two axes: abstraction level (from Algorithm/Technology at
the base, through Theory/System, to Strategy at the top) and Information Richness Level
(increasing from left to right). Part 1 establishes the data and algorithmic foundation through
Digital Twinning; Part 2 introduces the theoretical framework of FMDTT-People to bridge the
physical and digital worlds; and Part 3 operationalises these into urban resilience applications
through the CHAINS digital twin. Each part builds upon the previous, forming a coherent pathway
from data infrastructure to city-scale resilience strategy.

Multi-modal Data-driven Digital Twinning (Part 1): The first research strand develops automated
pipelines that ingest and fuse multi-modal data — including point cloud, satellite imagery, IoT
sensor streams, and social sensing data — to construct and continuously update semantic,
information-rich DTs [4]. The focus is on enabling automatic semantic enrichment so that the
DT remains current without manual intervention, thereby supporting real-time decision-making.
The integration of static and dynamic data sources with Al-driven modelling forms the
algorithmic and technological foundation of the overall framework.

Five-layer Multi-scale Digital Twin Theory — People (Part 2): The second strand proposes FMDTT
as a theoretical framework that structures a DT across five hierarchical layers and explicitly
introduces a People dimension. Stakeholder Requirements-Data Requirements (SR-DR)



mapping is used to establish bidirectional feedback loops between the physical and digital worlds.
This ensures that citizens and urban stakeholders are not passive subjects of data collection, but
active participants whose behaviours and needs shape and are shaped by the DT. FMDTT has
been validated across multiple infrastructure scales — from individual buildings and hospitals to
road networks and port systems [1].

Road-Flood-User CHAINS Digital Twin (Part 3): The third strand operationalises the above theory
through the dynamic, people-centric Road-Flood-User CHAINS model. This framework couples
hydrological flood modelling with road network vulnerability analysis and user behaviour
simulation to represent the cascading, multi-hazard nature of climate-induced disaster chains
[5]. By integrating real-time flood data, road closure information, and pedestrian/vehicle routing
behaviour via GIS-Digital Twin and AI, CHAINS enables proactive and adaptive infrastructure
resilience planning.

The overall research framework, illustrating the three-part progression and its strategic
alignment with the UN SDGs, is summarised in Figure 1.
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Figure 1. Research map presenting the three-part progression from Digital Twinning (Part 1) through
FMDTT-People theory (Part 2) to Resilient City applications (Part 3), organised along axes of abstraction
level and Information Richness Level, with alignment to UN SDGs 3, 7,9, 11, 13 and 17.

3 RESEARCH OUTCOMES

The multi-modal twinning pipelines have demonstrated capacity for automated semantic
updating across building and city-scale case studies, reducing manual modelling effort while
increasing the temporal accuracy of DT representations. FMDTT has been adopted in both
academic and industry contexts internationally, providing a transferable scaffold for DT
development that explicitly accounts for human agency across multiple infrastructure scales.
The Road-Flood-User CHAINS digital twin has been applied to real-world urban road networks
subject to pluvial flooding events, showing improved resilience planning outcomes compared to
conventional static hazard mapping approaches. The people-centric design enables dynamic
rerouting recommendations and supports emergency response coordination. Collectively, this
research offers a coherent pathway to align DT development with the UN Sustainable
Development Goals (SDGs 3, 7, 9, 11, 13 and 17) [6] and the Sendai Framework for Disaster
Risk Reduction [7]. Future directions include scaling CHAINS to multi-city contexts, integrating
Al-driven predictive agents, and expanding the People layer to incorporate equity and
accessibility dimensions.



REFERENCES

[1] Q. Lu, X. Xie, A.K. Parlikad, J. Schooling, M. Pitt, Digital Twins in the Built Environment:
Fundamentals, principles and applications, ICE Publishing, 2022.
https://doi.org/10.1680/dtbe.65802.

[2] M. Batty, Digital twins in city planning, Nat Comput Sci 4 (2024) 192-199.
https://doi.org/10.1038/s43588-024-00606-7.

[3] Q. Lu, A.K. Parlikad, P. Woodall, G. Don Ranasinghe, X. Xie, Z. Liang, E. Konstantinou, J.
Heaton, J. Schooling, Developing a Digital Twin at Building and City Levels: Case Study of
West Cambridge Campus, J. Manage. Eng. 36 (2020) 05020004.
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000763.

[4] Q. Lu, X. Xie, J. Heaton, A.K. Parlikad, J. Schooling, From BIM Towards Digital Twin: Strategy
and Future Development for Smart Asset Management, in: T. Borangiu, D. Trentesaux, P.
Leitdo, A. Giret Boggino, V. Botti (Eds.), Service Oriented, Holonic and Multi-Agent
Manufacturing Systems for Industry of the Future, Springer International Publishing, Cham,
2020: pp. 392-404. https://doi.org/10.1007/978-3-030-27477-1_30.

[5] X. Lin, Q. Lu, L. Chen, I. Brilakis, Assessing dynamic congestion risks of flood-disrupted
transportation network systems through time-variant topological analysis and traffic demand
dynamics, Advanced Engineering Informatics 62 (2024) 102672.
https://doi.org/10.1016/j.aei.2024.102672.

[6] United Nations General Assembly, Transforming our world: the 2030 Agenda for Sustainable
Development, United Nations, 2015. https://sdgs.un.org/2030agenda.

[7] United Nations Office for Disaster Risk Reduction, Sendai Framework for Disaster Risk
Reduction 2015-2030, United Nations Office for Disaster Risk Reduction (UNDRR), Geneva,
Switzerland, 2015. https://www.undrr.org/publication/sendai-framework-disaster-risk-
reduction-2015-2030.



