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	Database
	Description
	Search syntax

	Scopus
	3D city model + transport terms Excluding conference reviews
	TITLE-ABS-KEY ( "3D city model*"  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) )  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) )

	
	3D city model + transport terms (including freight) Excluding conference reviews
	TITLE-ABS-KEY ( "3D city model*" AND ( transport* OR traffic OR "travel*" OR mobility OR road OR roadway OR transit OR corridor OR street* OR pedestrian OR walking OR rail* OR bike OR bicycle) AND (freight OR "goods movement*" ) ) AND ( EXCLUDE ( DOCTYPE, "cr" ) )

	
	Digital twin + transport terms. Excluding conference reviews
	TITLE-ABS-KEY ( "digital twin*"  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) )  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) ) 

	
	Digital twin + transport terms (including freight). Excluding conference reviews
	TITLE-ABS-KEY ( "digital twin*"  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle )AND (freight OR "goods movement*"))  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) ) 

	
	Digital twin + city terms + transport terms. Excluding conference reviews
	TITLE-ABS-KEY ( "digital twin*"  AND  ( city  OR  cities  OR  urban  OR  "built environment*" )  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) )  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) ) 

	
	Digital twin + city terms + transport terms (including freight) Excluding conference reviews
	TITLE-ABS-KEY ( "digital twin*"  AND  ( city  OR  cities  OR  urban  OR  "built environment*" )  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR bicycle )AND (freight OR "goods movement*"))  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) ) 

	
	Digital twin + transport terms. Excluding conference reviews and city terms
	TITLE-ABS-KEY ( "digital twin*"  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle )  AND NOT  ( city  OR  cities  OR  urban  OR  "built environment*" ) )  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) ) 

	
	Digital twin + transport terms (including freight) Excluding conference reviews and city terms
	TITLE-ABS-KEY ( "digital twin*"  AND  ( transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle  )AND (freight OR "goods movement*")  AND NOT ( city  OR  cities  OR  urban  OR  "built environment*"))  AND  ( EXCLUDE ( DOCTYPE,  "cr" ) ) 

	Web of Science (WoS)
	3D city model + transport terms
	TS=("3D city model*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ))

	
	3D city model + transport terms (including freight)
	TS=("3D city model*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) AND (freight OR "goods movement*" ))

	
	Digital twin + transport terms
	TS=("digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ))

	
	Digital twin + transport terms (including freight)
	TS=("digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) AND (freight OR "goods movement*" ))

	
	Digital twin + city terms + transport terms
	TS=("digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) AND ( city  OR  cities  OR  urban  OR  "built environment*" ) )

	
	Digital twin + city terms + transport terms (including freight)
	TS=("digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) AND (freight OR "goods movement*" ) AND ( city  OR  cities  OR  urban  OR  "built environment*" ) )

	
	Digital twin + transport terms, excluding city terms
	TS=("digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) NOT ( city  OR  cities  OR  urban  OR  "built environment*" ) )

	
	Digital twin + transport terms (including freight) Excluding city terms
	TS=("digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) AND (freight OR "goods movement*" ) NOT ( city  OR  cities  OR  urban  OR  "built environment*" ) )

	Science Direct
	3D city model + transport terms
	("3D city model" OR "3D city modeling") AND (transport OR transportation OR traffic OR travel OR mobility)

	
	
	("3D city model" OR "3D city modeling") AND (road OR roadway OR transit OR corridor OR street OR streetscape)

	
	
	("3D city model" OR "3D city modeling") AND (pedestrian OR walking OR rail OR railway OR railroad OR bike OR bicycle)

	
	3D city model + transport terms (including freight terms )
	("3D city model" OR "3D city modeling") AND (transport OR transportation OR traffic OR travel OR mobility OR freight)

	
	
	("3D city model" OR "3D city modeling") AND (transport OR transportation OR traffic OR travel OR mobility OR “goods transport”)

	
	Digital twin + transport terms 
	("digital twin" OR digital twinning) AND (transport OR transportation OR traffic OR travel)

	
	
	("digital twin" OR digital twinning) AND (road OR roadway  OR  transit  OR  corridor)

	
	
	("digital twin" OR "digital twinning") AND (street OR streetscape OR pedestrian OR walking)

	
	
	("digital twin" OR "digital twinning") AND (rail OR railway OR railroad)

	
	
	("digital twin" OR "digital twinning") AND (bike OR bicycle)

	
	Digital twin + transport terms (including only freight terms )
	("digital twin" OR digital twinning) AND (freight OR "goods transport")

	
	
	("digital twin" OR digital twinning) AND (transport OR transportation OR traffic OR travel) AND (freight OR "goods transport")

	
	Digital twin + city terms + transport terms 
	("digital twin" OR "digital twinning) AND ("city" OR "urban" OR "built environment") AND (transport OR transportation OR traffic OR travel)

	
	
	("digital twin" OR "digital twinning) AND ("city" OR "urban" OR "built environment") AND (road OR roadway  OR  transit  OR  corridor)

	
	
	("digital twin" OR "digital twinning") AND ("city" OR "urban" OR "built environment") AND (street OR streetscape OR pedestrian OR walking)

	
	
	("digital twin" OR "digital twinning") AND ("city" OR "urban" OR "built environment") AND (rail OR railway OR railroad)

	
	
	("digital twin" OR "digital twinning") AND ("city" OR "urban" OR "built environment") AND (bike OR bicycle)

	
	Digital twin + transport terms. Excluding city terms 
	("digital twin" OR "digital twinning) NOT  ("city" OR "urban" OR "built environment") AND (transport OR transportation OR traffic OR travel)

	
	
	("digital twin" OR "digital twinning) NOT ("city" OR "urban" OR "built environment") AND (road OR roadway  OR  transit  OR  corridor)

	
	
	("digital twin" OR "digital twinning") NOT ("city" OR "urban" OR "built environment") AND (street OR streetscape OR pedestrian OR walking)

	
	
	("digital twin" OR "digital twinning") NOT ("city" OR "urban" OR "built environment") AND (rail OR railway OR railroad)

	
	
	("digital twin" OR "digital twinning") NOT ("city" OR "urban" OR "built environment") AND (bike OR bicycle)

	TRID
	3D city model + transport terms
	"3D city model*" AND (transport* OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle )

	
	3D city model + transport terms (including freight)
	"3D city model*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) AND (freight OR "goods movement*" )

	
	Digital twin + transport terms
	"digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle )

	
	Digital twin + transport terms (including freight)
	"digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) AND (freight OR "goods movement*" )

	
	Digital twin + city terms + transport terms
	"digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) AND ( city  OR  cities  OR  urban  OR  "built environment*" )

	
	Digital twin + city terms + transport terms (including freight)
	"digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle) AND (freight OR "goods movement*" ) AND ( city  OR  cities  OR  urban  OR  "built environment*" )

	
	Digital twin + transport terms. Excluding city terms
	"digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle ) NOT ( city  OR  cities  OR  urban  OR  "built environment*" )

	
	Digital twin + transport terms (including freight) Exclude city terms
	"digital twin*" AND (transport*  OR  traffic  OR  "travel*"  OR  mobility  OR  road  OR  roadway  OR  transit  OR  corridor  OR  street*  OR  pedestrian  OR  walking  OR  rail*  OR  bike  OR  bicycle)) AND (freight OR "goods movement*" ) NOT ( city  OR  cities  OR  urban  OR  "built environment*" )

	OpenGrey
	All terms
	MySQL syntax (not presented here)
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Annexure 2 Review studies and discussion summary.
	S No.
	Author/s
	Year
	Publication Title
	Review method
	Research item type
	No. of papers reviewed
	Review range
	Review focus
	Discussion Summary

	 
	 
	 
	 
	 
	 
	 
	 
	 
	 DT in transport planning?
	DT vs Transport Model?
	Further ideas for implementation in Transport Planning?

	1
	(Marcucci et al., 2020)
	2020
	Sustainability (Switzerland)
	Narrative content analysis
	Journal article
	Not mentioned
	Not mentioned
	Urban freight policymaking and planning 
	Following a closed data/information loop between the model and reality, DTs would be helpful to achieve jointly acceptable solutions, given that they can provide reliable descriptions of likely scenarios illustrating the implications that current choices might have in the future for each of the various stakeholders.
	DTs are effective for short-term predictions where the relationships between causes and effects remain stable. This makes them particularly useful for applications that require immediate insights or responses. However, this stability is not always present in scenarios that involve planning and long-term decisions, such as those typically seen in freight transport models.
	A DT system cannot fully represent the reality of urban freight transport. Behavioural and simulation models can be used jointly when modelling urban freight transport. This can be augmented using a Living-lab approach.

	2
	(Bao et al., 2021)
	2021
	International Conference on Information Control, Electrical Engineering and Rail Transit, ICEERT 2021
	Narrative content analysis
	Conference paper
	Not mentioned
	Not mentioned
	Intelligent Transportation System
	DT of transportation can be regarded as a virtual world created in the digital space after the digital abstraction of the actual transport system. Using transport models and a data storage platform, DT creates a virtual-real relationship with the transport system that reflects the characteristics and behaviour of transport elements, traffic temporality, and transport system development. 
	The difference between traditional traffic simulation and DT is that simulation relies on offline historical data and has limited simulation scenarios. DT uses real-time data and also has optimisation and analysis capability while interacting with actual traffic systems in real time. Traffic simulation is the primary and foundational stage of a DT, and DT is the final upgraded goal of a DT.
	Not strictly from the perspective of transport planning. Development of critical technologies such as enhanced modelling of vehicle driving behaviour in mixed traffic flow, environmental simulation of digital twin and linked response, and better virtual reality perception of mixed traffic.

	3
	(Niaz et al., 2021)
	2021
	2021 International Conference on Computing, Electronic and Electrical Engineering, ICE Cube 2021 - Proceedings
	Narrative content analysis
	Conference paper
	Not mentioned
	Not mentioned
	DT as a test bed for autonomous car training
	DT is a cyber-physical system which can help test autonomous driving in a virtual environment. Helps collect information in the real world (physical entity) through the communication network, using the large-scale data processing technology of cyberspace (virtual world) to analyse the data and feedback on the results to the physical entity (autonomous car)
	Not discussed
	Not discussed

	4
	(Lecomte, 2021)
	2021
	Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics)
	Discussion based
	Conference paper
	Not mentioned
	Not mentioned
	DT concepts integration in Railways
	The railway sector relies heavily on modelling infrastructure, dynamic and static simulations, safety—safety against accidents and emergencies, estimation of maintenance periods, etc. Due to the different domains, timescales, and objectives covered by the modelling activities, having a DT of a whole railway system does not seem adequate. 
	Not discussed
	It is not strictly from the transport planning perspective. Still, the authors suggest that DT is probably more adequate to address newer systems (new baselines) such as Autonomy using AI, protection from cyber threats and terrorism, etc. It seems unreasonable to imagine a model of a complete railway system (a metro line) shared among different stakeholders, as the range of uses is quite extensive, and the systems are considered made of many equipment/ subsystems/ parts.

	5
	(Rudskoy et al., 2021)
	2021
	Transportation Research Procedia
	Narrative content analysis
	Conference paper
	Not mentioned
	Not mentioned
	Intelligent Transportation System (ITS)
	DT is a module that reproduces a detailed digital road model and allows for modelling and experiments. Its primary purpose is to test solutions and the ability to simulate different situations. The accumulated information received from the road network's sensors allows this model to be corrected.
	Not discussed
	Not discussed

	6
	(Li, 2021)
	2021
	2021 4th International Symposium on Traffic Transportation and Civil Architecture, ISTTCA 2021
	Discussion based
	Conference paper
	Not mentioned
	Not mentioned
	Smart transportation as an advanced form of ITS
	A dynamic and real-time information system that can analyse transportation-related data to achieve development goals (e.g., optimised allocation of transportation resources, industrial clusters, and improved public services)
	Not discussed
	Not discussed

	7
	(X. M. Wang et al., 2021)
	2021
	IEEE Transactions of Systems Man, cybernetics and systems
	Narrative content analysis
	Journal article
	Not mentioned
	Not mentioned
	Visual Human-Computer Interactions for ITS
	Massive data generated from ITS can be used to create DTs, which will reproduce objects (e.g., people, relationships, processes, etc.) and their behaviours in the physical space into digital models in the information space. Running the digital models can implement tasks like prediction and hypothesis verification.
	Not discussed
	Not discussed

	8
	(J. Wu et al., 2022)
	2022
	Computers and Electrical Engineering
	Narrative content analysis
	Journal article
	Not mentioned
	Not mentioned
	DT and AI in transportation
infrastructure
	 DT technology can not only virtualise the mapping of physical entities but also dynamically monitor the life cycle of road infrastructure and accurately restore traffic participants on the road using a variety of sensors and network communication. It can judge and predict possible risks based on traffic behaviour, analyse road traffic conditions based on traffic conditions, and provide an accurate basis for road traffic diagnosis and decisions.
	Not discussed
	Not discussed

	9
	(Guo et al., 2022)
	2022
	Digital Communications and Networks
	Systematic review
	Journal article
	140
	2017 to 2022
	DT for Internet of Vehicles (IoV)
	There are two possible directions for applying DTs in IoV: a single vehicle with DTs and a traffic system with DTs. A traffic system with DT takes the virtual model as an object. It uses extensive data analysis to quickly determine potential dangers by analysing road conditions, the surrounding environment, and behaviour (vehicle, pedestrian, and driver behaviour).
	In the context of DTs for IoV, vehicles and traffic systems are modelled as the target objects to form a mapping between virtual spaces (in the server) and physical spaces (on the road). This allows one to track the operation of vehicles or traffic systems in real-world scenarios. 
	Not discussed

	10
	(Callcut et al., 2021)
	2022
	Sustainability (Switzerland)
	Systematic review and expert interview
	Journal article
	Not mentioned
	Not mentioned
	Civil Infrastructure Systems (includes transport systems)
	There is an existing DT of traffic on highway networks used for many years: Google Maps. There is evidence of uncertainty in the definition of DTs. For example, 3D BIM models were termed as DT where, as they are digital model
	Not discussed
	Describes the potential for simulations and argues that the key to enabling DTs is using mathematical modelling to analyse the transport network and develop proposals for optimising it, justifying investments in transport infrastructure.

	11
	(Sun et al., 2022)
	2022
	Environmental Science and Pollution Research
	Systematic review
	Journal article
	115
	2012-2020
	Industry 4.0 technologies in sustainable logistics
	Not discussed
	Not discussed
	Multi-objective balanced system design for sustainable logistics operations. This requires new algorithms and systems to help decision-making considering multiple objectives. For

	12
	(Ali et al., 2022)
	2022
	2022 8th International Conference on Control, Decision and Information Technologies, CoDIT 2022
	Systematic review
	Conference paper
	Not mentioned
	2017-2022
	Intelligent Transportation System (ITS)
	The DT technology utilises intelligent technical advantages such as controlling traffic perception, road warning, and emergency response.
	Not discussed
	Electromobility applications are promising, and utilising the DT concept could enhance the EV infrastructure and user experience, especially regarding battery management and visualisation to plan long-distance transportation. 

	13
	(Bishop, 2022)
	2022
	Lecture Notes in Energy
	Discussion based
	Book chapter
	Not mentioned
	Not mentioned
	Decarbonising Transport 
	Developing a DT of the transport network requires fusing conventional and novel sources of transport activity data with transport mode network maps; AI can help fill in data gaps (such as missing mode choice, purpose, trip start/end, etc.) and validate the DT.
	DTs must incorporate the full range of trip purposes because simplified models focusing only on commuters do not account for much of all travel. Moreover, DTs' visualisation capabilities can support public engagement and multi-stakeholder decision-making.
	Developing a digital twin of the transport network requires fusing conventional and novel sources of transport activity data with transport mode network maps. However, the growth in the volume of data from various sources does not give us perfect information about consumer behaviour, including trip start, end, purpose, mode choice, and the underlying factors influencing travel decisions.

	14
	(Abouelrous et al., 2023)
	2023
	Urban, Planning and Transport Research 
	Systematic review
	Journal article
	15 papers
	2020-2023
	Urban logistics
	An intelligent technology platform where a high-fidelity virtual replica of a physical system is emulated and updated in real time in response to changes in the physical system it is synchronised with. The virtual model collects data from the physical one and analyses it to prescribe interference mechanisms in the physical system for optimisation.
	Data-driven optimisation (DDO) is the primary component of a DT and helps support the bidirectional flow of information to the physical component. DDO refers to optimisation procedures that apply learning algorithms to data to improve results. This could be data on problem parameters, such as travel times in cities, or solution data, such as routing decisions. For simulation, ample literature exists on its integration into the DT framework and methods that employ the Vehicle Routing Problem.
	Relationships between variables are expected to change over time due to external factors. The DT model, therefore, compels constant updates so that changes in relationships and knowledge are incorporated on time. Otherwise, its added value may be questionable. The fruit of overcoming these challenges is a method by which strategic planning can be coordinated among different stakeholders. (e.g., shippers can plan more precisely in selecting the various modes of transportation at the different gateways connecting the supply chain.)

	15
	(Belfadel et al., 2023)
	2023
	Computers, Environment and Urban Systems
	Systematic and discussion-based
	Journal article
	27 papers
	2015-2021
	City logistics
	The DT framework for urban logistics is divided into three main layers. The 'Physical World' represents the sensors and external entities such as Sensors and IoT Entities, City Operational Data, and exposed APIs. The middle layer (Data/Model Management System) consists of two main elements: the DIS (Data Ingestion System) and the MMS (Model Management System). The DIS manages contextual info from the physical world and semantic annotations or standard ontologies via the Semantic Manager. MMS integrates multiple simulation models, including the Model Library Manager, Scenario Manager, Model Integration and Orchestration, Simulation Configuration, and Simulation Environment. MMS uses containerisation and virtualisation for simulation execution. The decision support evaluates KPIs and recommends interventions based on scenario outcomes.
	There is a need to manage and integrate several simulation models in a given scenario. Consequently, a model library (MLib) with a flexible approach is needed to categorise the urban freight system models, describe them, and, most importantly, provide a means to handle all the necessary transformations to transform the outputs of a model into another one. The models in the MLib were further categorised according to their method, such as optimisation, demand models, network models, Agent-based models, impact assessment, and routing models. A meta-model helps select a model specific to a scenario.
	Using a generic framework to enable DTs: Generic business process and case scenario applications that use specific models from a model library fill the lack of frameworks for model orchestration, data transformation, and merging. This enables the bidirectional exchange of physical and virtual data, compromising DT technology adoption for cities.

	16
	(Mogaji, 2023)
	2023
	Transportation Research Interdisciplinary Perspectives
	Commentary and discussion-based
	Journal article
	Not mentioned
	Not mentioned
	Metaverse in transportation
	The metaverse's enormous prospect is the ability to replicate what is happening in the real and virtual world, allowing users to interact with it in various ways. This concept of replication is known as the digital twin. The digital twin created by the metaverse is a highly detailed, three-dimensional replica of the physical world, complete with buildings, landscapes, and other elements that make up our daily lives.
	Not discussed
	Metaverse can impact why people travel. Using the metaverse’s data analytics capabilities, transportation planners can monitor real-time environmental impacts, leading to more effective strategies for reducing emissions, optimising energy consumption, and promoting sustainable transportation solutions. DTs can serve multiple purposes, enabling scenario planning, training exercises, and even advanced navigation within transportation terminals or hubs within the metaverse, streamlining the travel experience.

	17
	(Semanjski, 2023)
	2023
	Smart urban mobility: transport planning in the age of big data and digital twins
	Discussion based
	Book chapter
	Not mentioned
	Not mentioned
	General overview of digital twins and its application in mobility
	A digital twin of a mobility system can be made for different lifecycle stages—for designing a new mobility system to support planning and decision-making, building this mobility system to support coordination and synchronisation of activities and decision-making, and mimicking its usage and performance in operations to help, for instance, maintenance activities.
	The models that mirror functionalities of a physical twin’s subsystems within the virtual twin (represented in light blue) can be diverse, depending on the digital twin's purpose, and contain several isolated or interconnected elements. For instance, a model that predicts travel times can significantly benefit from accessing the outputs of environmental models, such as weather forecasts or mode choice models for a given spatiotemporal context. To allow such synchronisation among models, model management needs to be able to handle model registration, versioning, and interconnectivity, as well as to catalogue diverse simulation scenarios and accommodate the integration of future models that would be incorporated as they are being developed.
	Not discussed

	18
	(Kuo & Choi, 2024)
	2024
	Transportation Research Part E 
	Discussion based
	Journal article
	Not mentioned
	Not mentioned
	Metaverse in transportation and logistics operations
	Digital twins (DTs) are technologies that refer to “virtual representations of physical objects, processes, or systems.” They are created using real-time data and can mirror their physical counterparts via simulations, enabling analysis, monitoring, and optimisation without directly interacting with the physical entity. DTs are essential technologies for the development of the Metaverse.
	Not discussed. Internal and external info for drivers and interactive "gamification" for user experience, but nothing related to predictive modelling
	Not from the perspective of transport planning, but the authors suggest that future studies should examine the actual performance of the metaverse. For instance, from the transport enterprise perspective, how does the metaverse influence corporate social responsibility (CSR) 

	19
	(Yu et al., 2024)
	2024
	Sustainable Cities and Society
	Discussion based
	Journal article
	Not mentioned
	Not mentioned
	Smart electric vehicle charging infrastructure
	The study introduces a three-network parallel architecture for smart charging infrastructure: a power generation network, an energy storage network, and a charging network. The DT replicates these three networks considering five parts: data, models, concerns, governance, and actors.
	Not discussed
	Not discussed




Annexure 3: Synthesis of included studies

	S No.
 
	Published Year
 
	Resource Type
 
	Publication Title
 
	Authors
 
	Is the term 'Digital Twin' used?
 
	Content type
 
	Associated tags
	Digital twin components
	Digital Twin classification
 
	Scale of implementation
 
	The time horizon of prediction
 

	
	
	
	
	
	
	
	Mobility elements
	Data and software
	Analyses techniques used
	Who and what usage?
	Physical object (s)
	Digital object (s)
	Data models
	Services
	Connection
	
	
	

	1
	2008
	Conference paper
	2008 IEEE International Conference on Technologies for Homeland Security, HST'08
	(Bista & Pack, 2008)
	N
	Proposed
	traffic
	CORSIM
	visualisation; simulation
	traffic managers; future possibility; traffic managers
	Traffic network in Washington DC
	Terrain and aerial data, building, road network, simulation data from real-time data sources and fed into CORSIM
	4D Visualization System and CORSIM run in parallel. Outputs from CORSIM are predicted every 10 to 30 minutes and visualised in the 4D system.
	-
	Unidirectional data flow and connection in real-time. Displays simulation data to the analyst, and it is up to the analyst to interpret the result.
	DS-A
	City
	Short-term

	2
	2011
	Journal article
	Automation in Construction
	(Aschwanden et al., 2011)
	N (3D City Model or 3D GIS)
	Implemented
	individual movement
	Massive’ software package: CityEngine
	visualisation; agent-based; simulation
	planners; scenario analyses; urban planning
	Dübendorf, sub-urban area of Zurich-geographical information, road networks and buildings
	3D city model in CityEngine and generation of pedestrian agents
	Agent-based crowd simulation and their interaction with the city environment. Agents included peds, buildings, cars and public transport
	Urban planning interventions on varying scales, areas needed expansion of sidewalks, additional buses for public transportation, and allocation of landuse functions.
	The results of the simulation model are used to update the 3D city model dynamically, but results help urban planners devise interventions that implement the change to the physical system
	DS-B
	City
	Long-term

	3
	2012
	Journal article
	Automation in Construction
	(Aschwanden et al., 2012)
	N (3D City Model or 3D GIS)
	Proposed
	individual movement
	agents
	agent-based; emission estimation; simulation
	planners; scenario analyses; urban planning
	-
	A 3D City model consists of geometry, and the correlating semantic layer allows agents to navigate it. Agents can be mobile (pedestrians, cars, buses, etc.) or immobile (buildings, bus stations, etc.).
	Agent-based simulation model--Pedestrian agent, bus agent and car agent and calculated emissions
	The focus lies on pedestrian agents as an evaluation tool. The allocation of functions during master planning also impacts their mode of transport and its implications for greenhouse gas emissions.
	It is unclear how the simulation collects data in real-time, but the output is presented to the analyst; nothing is automatically implemented due to the analysis in the physical space.
	Digital Model
	City
	Medium to long-term

	4
	2014
	Conference paper
	Lecture Notes in Computer Science (including subseries Lecture Notes in Artificial Intelligence and Lecture Notes in Bioinformatics)
	(J. Wang et al., 2014)
	N (BIM+GIS)
	Implemented
	traffic
	BIM; GIS; VISSIM
	visualisation; microscopic; simulation
	building management; facility managers; monitoring; traffic management
	A high-rise building and its immediate surrounding roads in the CBD of Beijing, China, along with real-time traffic flow
	Integration of BIM and GIS.  GIS: Road network and hourly traffic flow, BIM: Building layout
	VISSIM was used to simulate the localised traffic
	Identify queue formation at the entry/exits of a building
	the flow of info, not in real-time, from the real world to see if parking paths and pick up location of the building site are correct or not
	Digital Model
	Local (Building)
	Short-term

	5
	2016
	Journal article
	KSCE Journal of Civil Engineering
	(J. I. Kim et al., 2016)
	N (BIM+GIS)
	Implemented
	pedestrians
	BIM; GIS; ontology
	visualisation
	infrastructure planning; planners; walkability
	Street/sidewalk network around a school in California
	BIM and GIS integration based on a newly defined ontology
	ontology provides a formal representation of walkability around the school
	school authorities evaluate the existing walking environments--to prioritise infra required for improvement
	information from the physical walking environment to the digital model
	Digital Model
	Neighbourhood
	Does not predict

	6
	2018
	Conference paper
	ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences
	(Santhanavanich et al., 2018)
	N (3D City Model)
	Proposed
	e-Bicycle
	CAESIUM; e-bike & smartwatch sensor
	visualisation
	e-bike operators; monitoring; operational management; future possibility
	e-bike infrastructure in Stuttgart
	The 3D Web-based application (in CAESIUM) is built to illustrate many sensor data types and the 3D city model, enabling data collection to be more accessible and integrated.
	Help the analyst visualise the starting point of a journey/route, the charging station, charging level, speed, pedal force, and e-bike usage.
	-
	Displays info to analysts and can be used to help formulate policies. Does not implement anything
	DS-A
	City
	Does not predict

	7
	2018
	Journal article
	Journal of the Indian Society of Remote Sensing
	(Saran et al., 2018)
	N (3D City Model)
	Implemented
	traffic
	CityGML
	visualisation; emission estimation; simulation
	planners; future possibility; traffic managers; urban planning
	Traffic at a part of Dehradun, India (2 stretches)
	3D city database, which consists of the city's semantic model in CityGML and Traffic data
	Traffic noise model to simulate traffic noise level mapped on building walls.
	-
	Visualisation of analyses without real-time data, also no implementation
	Digital Model
	Corridor (single transit route)
	Short-term

	8
	2018
	Journal article
	gis.Science - Die Zeitschrift fur Geoinformatik
	(Ruhdorfer et al., 2018)
	N (3D City Model)
	Implemented
	traffic
	VISSIM; CityGML
	visualisation; microscopic; simulation
	-
	Road network in New York and Munich
	New York-3D city model from NYC Open Data portal, Munich- Road centre line data from SOM
	Automatic extraction of information from VISSUM simulation graph to 3D City models. Visualisation in Google Earth and 3D-Web-Map-Client of the 3DCityDB
	-
	Data is collected automatically from the 3D city model, but the result is a visualisation.
	DS-A
	City
	Short-term

	9
	2018
	Journal article
	Journal of Reliable Intelligent Environments
	(Kumar et al., 2018)
	Y
	Implemented with the existing dataset (not collected)
	traffic
	SUMO
	ML/DL;microscopic;simulation
	future possibility;safety auditors;traffic management;traffic managers
	Road traffic network in Cologne
	It uses data from TAPAS Germany (travel diary dataset) to simulate traffic in SUMO. Simulated traffic is the basis for virtual vehicles (VV) and forms a network that collects data cooperatively.
	VV learns and predicts driver intention.
	VV networks will allow cars in the network to be notified about accidents, followed by lane closures, etc.
	Real-time data collection through cooperation between VV. But not evident how analysts will benefit.
	DS-A
	City
	Medium-term

	10
	2018
	Conference paper
	Proceedings - 21st ACM/IEEE International Conference on Model Driven Engineering Languages and Systems, MODELS 2018
	(X. Chen et al., 2018)
	Y
	Implemented but on a simulated dataset
	cars
	-
	safety;driver behaviour model;simulation
	-
	-
	Develops a digital controller that can act as the "driver." Based on the location and speed of another two cars, the controller can choose to follow/lead, overtake, or merge. 
	Learning driving behaviour and predicting the risk of collision 
	-
	Simulated data of vehicles  which predicts crash probability and displays to the driver
	Digital model
	Corridor
	Short-term

	11
	2019
	Conference paper
	EG-ICE 2010 - 17th International Workshop on Intelligent Computing in Engineering
	(Zahran et al., 2019)
	N (3D City Model)
	Proposed
	tram
	GIS
	visualisation;emission estimation;simulation
	planners ;scenario analyses;urban planning
	A section of a modern urban tram system   running through the Dunkirk Air Quality Management Area (AQMA), an urban study area in the city of Nottingham
	Dunkirk AQMA 3D city model is created using vegetation, buildings, traffic, and photo-textures of building facades. 
	The air pollution dispersion model ADMS-Roads is integrated with the 3D city model to predict and visualise NO2 concentrations from traffic volumes.
	Assess the air quality impact of the proposed new tram line ( phase 2). The introduction of a line is anticipated to lower NO2 emissions.
	Data flows automatically between various components, and based on the results, the stakeholders decide on the final implementation.
	Digital model
	Neighbourhood
	Medium-term

	12
	2019
	Journal article
	International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences - ISPRS Archives
	(Svatý et al., 2019)
	N (BIM)
	Implemented
	roads
	BIM;GIS;IFC
	visualisation;safety;descriptive data exploration
	management;future possibility;safety auditors;traffic operation
	Roads network in the Czech Republic
	Central Register of Road Network Safety Analysis (CEBASS)--GIS application with web interface and BIM IFC data model for road infra
	The digital model is integrated with safety data. Effective management of the information, e.g. for presentation of registered risks, their statistical evaluation or subsequent indication of elimination.
	Offers better functionality than traditional (manual) inspection
	Unidirectional (information from CEBASS to the BIM Model)
	Digital model
	Region
	Does not predict

	13
	2019
	Conference paper
	International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences - ISPRS Archives
	(Sabri et al., 2019)
	Y (but more focus on "3D city model")
	Implemented
	pedestrians
	BIM;open data platform;GIS;IFC
	visualisation;agent-based;simulation
	planners ;scenario analyses;urban planning;walkability
	Singapore's entire urban landscape (built+ natural)
	Quantitative Urban Environment Simulation Tool (QUEST) --digital urban model using 3D, spatially accurate based on open data standards.
	-route choice and map navigation
-attention-based exploratory movement
-agent-based simulation of individual movement
	Outdoor walkability simulation to support livability analyses
	Information from Singapore's physical environment from existing systems 3D database
	DS-B
	City
	Long-term

	14
	2019
	Conference paper
	Social, Cultural and Behavioural Modelling
	(Baeder et al., 2019)
	Y
	Implemented but does not present results
	cars
	cell phone data;GIS;synthetic schedules; cell phone data
	simulation; activity schedule
	planners ;future possibility;scenario analyses
	A city with a population, road network, cars, traffic signals, telecommunication and power.
	Microscopic level replica of the city with each car being a simulation agent. Travel schedules are synthetically generated from mobile phone geolocations.
	Simulation of agents which can replicate realistic behaviour at any scale. 
	What-if scenarios could be tested--altering the road network, scheduling a change (such as a disaster, sporting event, etc.) in activity. Can estimate the real-time level of
service metrics
	Bidirectional, but no change in the digital model can alter the physical model.
	Digital Model
	City
	Medium-term

	15
	2019
	Journal article
	Eurasip Journal on Wireless Communications and Networking
	(T. Zhang et al., 2019)
	Y
	Implemented but on a simulated dataset
	EV
	charging schedule, daily trip data
	visualisation;agent-based;demand estimation;route choice model;simulation
	campus managers;charging infrastructure planning;future possibility
	Not an actual physical area but a simulation of a 3 km × 6 km campus area in Guangdong Province 
	simulation scenario of the campus area with 500 digital twin EV nodes scatted randomly and 280 plugs of digital
Twin charging piles deployed.
	Energy consumption model, motion synthesis model, travel agenda model (modelling of charging pile and route choice model in task processing and charging)
	simulation results can be used to evaluate schemes for deploying and managing EVs and charging infrastructures.
	Unsure if the data collection procedure is in real-time, but the simulation models are interrelated.
	Digital model
	Neighbourhood
	Medium-term

	16
	2019
	Conference paper
	2019 IEEE Intelligent Transportation Systems Conference, ITSC 2019
	(Brunner et al., 2019)
	Y
	Proposed
	cars;intersections;pedestrians
	Audi fleet data; accident data; OpenDrive
	safety;simulation
	safety auditors;scenario analyses;traffic managers;traffic operation
	Selected urban accident hotspot in Ingolstadt, German
	Digital representation for a test area of the urban road network. Road geometry in OpenDrive format. Accident data from the past 13 years
	Submicroscopic simulation of a relevant traffic scenario provides the  basis for a randomised, controlled and representative study to compare ”references” with "treatments.” 
	Traffic safety in ADF-VRU interaction. The testing hypothesis of an additional “Car2X” infrastructure such as an additional overhead sensor at the intersection, could lead to better safety and traffic efficiency
	Data  is collected using sensors to develop a digital representation of the intersection
	DS-A
	Local (Intersection)
	Short-term

	17
	2020
	Conference paper
	Proceedings - Winter Simulation Conference
	(Ambra & MacHaris, 2020)
	Y
	Implemented
	freight
	GIS;SYMBIT
	visualisation;agent-based;demand estimation;simulation;supply
	freight operators;monitoring;planning;future possibility;scenario analyses;synchromodality
	barges, trucks, trains, vans and parcels (freight elements), traffic environment (strikes, congestion), weather environment (water levels, forecast)
	agents in a developed ABM environment for the SYMBIT model. GPS data data collected from different physical entities
	data simulation using ABM for a long-distance multimodal trip to improve synchromodal models and planning tools for freight transport processes.
	Representation of physical assets for real-time update
	Info flow is bi-directional but requires human intervention to frame policies and implement strategies 
	DS-A
	Region
	Long-term

	18
	2020
	Conference paper
	Proceedings of the 3rd ACM SIGSPATIAL International Workshop on Advances in Resilient and Intelligent Cities, ARIC 2020
	(Seto et al., 2020)
	Y
	Implemented
	individual movement
	aerial photos;GFTS;GIS;LiDAR
	visualisation
	-
	Transport system and mobility of citizens in Susono, Japan
	Web-based 3D GIS visualisation on the web platform to represent mobility of people, bus routes, business transaction
	3D visualisation platform which shows 20 types of data
	-
	Real-time data collected from city authority using sensors; also not sure how to use the data
	DS-A
	City
	Does not predict

	19
	2020
	Conference paper
	2020 IEEE International Conference on Consumer Electronics - Asia, ICCE-Asia 2020
	(A. Lee et al., 2020)
	Y
	Proposed
	cars;pedestrians
	Unity3D
	visualisation
	-
	Pedestrian and car traffic on the road 
	Unity3D game engine visualisation of traffic using  CCTV cameras
	3D visualisation platform of cars and pedestrians
	-
	Unidirectional, but data is captured in real time. There is no service derived from the 3D visualisation yet.
	DS-A
	Neighbourhood
	Does not predict

	20
	2020
	Conference paper
	Proceedings of the 2020 IEEE/ACM 24th International Symposium on Distributed Simulation and Real-Time Applications, DS-RT 2020
	(Campolo et al., 2020)
	Y
	Proposed
	bus
	cell phone data
	-
	monitoring;planners 
	Trip taken by commuters using a bus in an urban environment.
	Smartphones
of commuters, On Board Systems (OBSs) of PT vehicles
	Framework for tracking using IoT sensors and messaging protocol
	-
	Real-time data is collected, but no service step is derived from this. Public authorities can collect data.
	DS-A
	Corridor
	Short-term

	21
	2020
	Conference paper
	Proceedings - Euromicro Conference on Digital System Design, DSD 2020
	(Amrani et al., 2020)
	Y
	Implemented
	bus;bus-stops;public transport;railway
	CMOS 3D sensor;GFTS;network;Opensiel;O-D passenger demand
	visualisation;ML/DL;simulation;statistical models
	decision support;monitoring;planning;scenario analyses
	Rail, road, and public transport in the La Defense business district of Paris
	Road and rail network, passenger demand, infrastructure, GPS trails of bus and tram (and other  such as trip, duration, etc.), passenger load
	The prediction of passenger flow is performed using a machine-learning algorithm. Estimates of the consequences and duration of incidents are performed using a statistical model. Simulation for predicting the impact of incidents on the system
	Monitors the network by computing KPIs, detecting disturbances, and evaluating several transport plans or mitigation scenarios in parallel.
	The unidirectional flow of data is in real-time for supervising the system; however, strategy implementation to the system is not automatic.
	DS-B
	Neighbourhood
	Short-term

	22
	2020
	Journal article
	Journal of Digital Landscape Architecture
	(K. W. Chen & Meggers, 2020)
	N (3D City Model)
	Implemented
	cars
	DaySIM; open data platform; GIS
	visualisation;indicator calculation;parking analyses
	campus managers;operational management;future possibility
	Princeton University Campus and its transportation network.
	GIS databases, 3D point cloud and crowd-source data of building footprints, tree height, transport network, etc. 
	Visualising and analysing the travel behaviour (GPS trail) and solar irradiance together along with the parking time of the golf carts on the campus
	Cart operators could use the mobile app to locate and orient parking locations to maximise charging.
	End users will use the results, but parking locations or policies will not be automatically identified.
	Digital model
	Neighbourhood
	Medium to long-term

	23
	2020
	Conference paper
	Proceedings - IEEE Symposium on Computers and Communications
	(Mavromatis et al., 2020).
	Y
	Proposed
	cars;pedestrians
	C-ITS;OpenStreetMap;SUMO;MATLAB
	visualisation
	monitoring;planners 
	city buildings, vehicles, and pedestrians in Manhattan, NYC
	Road network in OSM, simulation environment  in SUMO
	Mobility traces and mapping of pedestrians and vehicles in the city
	-
	Bidirectional interaction with agents with real-time data: however not sure how to use the analyses for planners.
	DS-A
	Neighbourhood
	Does not predict

	24
	2020
	Conference paper
	IOP Conference Series: Materials Science and Engineering
	(Shchegolova et al., 2020)
	Y
	Implemented
	traffic
	VISSIM
	microscopic;simulation
	monitoring;signal optimisation;traffic managers
	Traffic congestion in the intersection at Saratov, Russia
	Traffic simulation in PTV Vissim
	Simulation by managing the duration of traffic signal
	Improve traffic operation for bottlenecks at intersections and reduce delays
	Unidirectional (non-real-time) data flow with no link to the physical environment 
	Digital Model
	Local (Intersection)
	Short-term

	25
	2020
	Conference paper
	Proceedings - 2020 IEEE International Conference on Engineering, Technology and Innovation, ICE/ITMC 2020
	(Carvalho et al., 2020)
	Y
	Proposed
	freight
	XML; VGM (verified gross Mass) document
	-
	freight operators;interoperability;planning;synchromodality
	Logistics, more specifically, goods transport
	Common interoperable  framework to exchange data between freight stakeholders (4 corner model) using e-Freight Common Framework
	-
	Bring all the logistics stakeholders to a standard level by
providing technology able to fast and easily connect every
system and a common language to allow for efficient
communication
	Unidirectional and real-time data collection and all information in a common format
	DS-A
	-
	Does not predict

	26
	2020
	Journal article
	Journal of Management in Engineering
	(G. Lee et al., 2020)
	Y
	Implemented
	individual movement
	GIS: wearable  biosensors
	Monte-Carlo;simulation
	mobility;monitoring;planners ;planning
	Movement of elders in a neighbourhood in Ypsilanti Township, Michigan
	GIS database, land use data, daily trips and routes of elders;  perceived stress level from biosensors 
	Stress hotspot analysis with Monte-Carlo method
	Improve elderly's mobility--identification of pedestrian-related and vehicle-related
hotspots
	Unidirectional flow of information not collected in real-time 
	Digital model
	Neighbourhood
	Short to medium-term

	27
	2020
	Journal article
	Sustainability (Switzerland)
	(Dembski et al., 2020)
	Y
	Implemented
	cyclists;pedestrians
	OpenFOAM: COVISE;GIS;SUMO
	visualisation;emission estimation;simulation;space-syntax
	citizens;participation;planners ;urban planning
	Streets in the town of Herrenberg, Germany
	3D model of the built environment using  the street network along with pedestrian and cyclist routes; air quality data from sensors; 
	Space syntax assessment, simulation of mobility, pollution estimation; 
	VR is set to communicate results to the public, and it has been shown to improve participation
	Unidirectional flow of information with some data being real-time and some not. 
	DS-A
	Neighbourhood
	Medium-term

	28
	2020
	Conference paper
	Proceedings of the Annual Hawaii International Conference on System Sciences
	(Ahn et al., 2020)
	Y
	Implemented
	individual movement
	GPS; wearable  biosensors
	descriptive data exploration
	monitoring;planners ;planning;future possibility
	Movement of elders at Bryan downtown in Texas
	data from electrodermal activity, gait patterns, visual sensing, and GPS data
	Data fusion to analyse stress related to mobility for elders
	Support planning of infrastructure for mobility within the city that's elders-friendly
	Unidirectional flow of information not collected in real-time 
	Digital model
	Neighbourhood
	Does not predict

	29
	2020
	Conference paper
	 29th Annual International Conference on Computer Science and Software Engineering
	(Maheswaran et al., 2020)
	Y
	Proposed
	AV;traffic
	naturalistic drivng data
	ML/DL; simulation
	future possibility;safety auditors;traffic managers
	Traffic in highway 
	Data collected from drones and sensors
	Trajectory prediction, modelling safe manoeuvres for Avs
	-
	Unidirectional data flow is collected in real-time but does not link to the physical space automatically. Needs human intervention
	DS-A
	Corridor
	Short-term

	30
	2020
	Conference paper
	5th International Conference on Intelligent Transportation Engineering, ICITE 2020
	(Lewen et al., 2020)
	N (BIM)
	Implemented
	pedestrians;railway
	BIM;Sketch up;VISSIM
	simulation
	-
	Movement of passengers in Ningbo transport hub station in China. It is a passenger complex integrating various transportation modes such as subway, bus and taxi.
	passenger walking speed, bus train connectivity map, capacity data
	simulation of passenger traffic connection in terms of its path, 
	 
	Unidirectional flow of info not collected in real-time. But not sure what would be the next step for the decision-makers
	Digital model
	Local (station area)
	Short-term

	31
	2020
	Report
	USDoT
	(Jin et al., 2021)
	Y
	Implemented
	cars;intersections
	BIM;CARLA-SUMO Co-simulator;LiDAR
	visualisation;agent-based;safety;simulation
	future possibility;safety auditors;scenario analyses;traffic operation
	Movement of vehicles at  intersections in New Jersey-New Brunswick Smart Mobility Testing Ground
	Roadside LiDAR model, vehicle trajectory, BIM Model of the surrounding environment, 
	CARLA-SUMO Co-simulation for autonomous vehicle agents in a traffic simulation. Generated trajectories were used to analyse near-miss analysis. Estimation of safety surrogate measures
	-
	Bidirectional but not automatically replicating a DS
	DS-B
	Local (Intersection)
	Short-term

	32
	2020
	Conference paper
	European Transport Conference
	(Watt & Ursell, 2020)
	Y
	Proposed
	individual movement
	-
	-
	planners ;future possibility;scenario analyses
	Transport for West Midlands (TfWM) wishes a new tool for Urban Mobility in the region (for all modes)
	A typical data environment to take input from multiple data sources (operational baseline usage, synthetic population, behavioural segmentation) 
	Scalable modelling suite (macro, meso, micro, etc.), varying forecasting horizons (short, medium, long terms)
	They may be able to present results with good visualisation based on different types of schemes (new policy, emerging modes, etc.).
	The approach seems to present results to decision-makers or users of the proposed digital twin. Thus, the flow may be bidirectional but not automatic or real-time.
	Digital Model
	Region
	Variable

	33
	2021
	Journal article
	Sustainability (Switzerland)
	(Lenfers et al., 2021)
	Y
	Implemented with an open dataset
	cyclists
	open data platform;GIS;sensor data
	visualisation;agent-based;ML/DL;simulation
	bicycle rental managers;monitoring;future possibility
	Bicycle rental network in  Hamburg-Harburg, a southern district of Hamburg, Germany.
	 bicycle rental use case and geospatial road network (city's real-time sensor)
	multi-agent simulation model using MARS and real-time correction using ML algorithm
	-
	Bidirectional real-time correction of the simulation model, but the use case from results is uncertain.
	DS-A
	Neighbourhood
	Medium-term

	34
	2021
	Journal article
	Transportation Engineering
	(Broekman et al., 2021)
	Y
	Implemented
	traffic
	video data
	ML/DL; image processing
	monitoring;future possibility;traffic managers
	multi-lane freeway located in Pretoria, South Africa.
	Vehicle tracking and object detection from UAV images
	Data from vehicle tracking, including counter, tracker, and estimation of speed
	-
	Videos are processed in real-time, but the data flow is unidirectional, and no application is derived for the user.
	DS-A
	Local
	Does not predict

	35
	2021
	Conference paper
	2021 ACM SIGSIM Conference on Principles of Advanced Discrete Simulation
	(Naing et al., 2021)
	Y
	Implemented with existing database
	traffic
	trajectory
	ML/DL
	monitoring; traffic managers
	Traffic in highway
	Trajectories from recorded videos using sensors as well as  Next Generation Simulation (NGSIM) US Highway 101 dataset
	Simulation to dynamically update parameters using deep learning for microscopic traffic simulation
	Short-term forecasting for traffic microsimulation
	Bidirectional real-time correction of simulation model 
	DS-B
	Corridor
	Short-term

	36
	2021
	Conference paper
	Vibroengineering Procedia
	(X. Chen et al., 2021)
	Y
	Proposed
	AV;traffic
	trajectory
	multi-criteria analyses
	AV developers; monitoring; future possibility; safety auditors
	Autonomous vehicle, mixed-flow traffic environment
	road conditions,
Traffic facilities, landforms, meteorological conditions, and traffic activities of other participants. Dynamic safety features and vehicle characteristics
	The weights of evaluation aspects, elements, factors, and indexes at all levels are determined based on the human-vehicle-traffic system's multidimensional and multi-level dynamic safety evaluation index system.
	-
	Unsure if the data flow is real-time, but the flow is bidirectional.
	DS-A
	-
	Does not predict

	37
	2021
	Conference paper
	World Wide Web Conference, WWW 2021
	(Oda, 2021)
	Y (but just used once )
	Implemented
	taxi
	GIS;GPS
	visualisation;agent-based;ML/DL;simulation
	operational management;planning;ride-hailing operators;scenario analyses
	Ride-hailing services in Yokohama, Japan 
	road network, historical taxi trajectory (ride-hailing service network), average customer pick-up count, travel time
	multi-agent behavioural modelling and reward learning in equilibrium on a road network for a ride-hailing service
	formulate the problem of passenger-vehicle matching to improve mobility service by observing the distribution of drivers
	Data collection is not real-time but bidirectional feedback into the simulation with no link to physical
	Digital model
	City
	Medium-term

	38
	2021
	Conference paper
	IOP Conference Series: Earth and Environmental Science
	(S. Wang et al., 2021)
	Y
	Proposed
	traffic
	GIS
	visualisation
	highway authorities;monitoring;future possibility
	Highway traffic
	3D GIS model of highway traffic
	-
	-
	Unidirectional flow but not real-time data
	Digital model
	-
	Does not predict

	39
	2021
	Journal article
	IEEE Network
	(Marai et al., 2021)
	Y
	Proposed
	AV;cars;pedestrians;truck
	video data
	ML/DL; image processing
	AV developers; monitoring; future possibility; security improvement
	Self-driving cars in an intersection
	Digital twin box with 360 real-time live stream
	Object detection and tracking from videos
	monitoring, maintenance and safety
	Unidirectional flow in real-time  with no description of users' application
	DS-A
	Local
	Does not predict

	40
	2021
	Conference paper
	International Conference on Advanced Communication Technology, ICACT
	(B. Kim et al., 2021).
	Y
	Implemented
	individual movement
	GIS; cell phone data
	agent-based;simulation
	monitoring;planners ;urban planning
	Infrastructure, population, road & traffic network, bus network in Sejong, South Korea
	Agents (citizen), buildings, roads, intersections, bus lines and bus stops
	Simulation of movement of agents
	virtual city model to predict urban change and population movement
	Data does  not seem to be collected in real-time
	Digital Model
	City
	Long-term

	41
	2021
	Conference paper
	Proceedings -Design, Automation and Test in Europe, DATE
	(Steinmetz et al., 2021)
	Y
	Proposed
	cars
	GIS; Google Fit  API
	ML/DL
	monitoring;future possibility;ride-hailing operators
	Car-as-a-service for users
	geospatial network data, health data
	The framework of Digital Twin of CaaS in the city
	possibility of tracking historical data from all entities, such as cars, users and the relations between users and cars, making it possible to improve the user experience in future rides.
	Unidirectional data flow, which may be in real-time, but the result might not be directly relevant for users
	DS-A
	City
	Does not predict

	42
	2021
	Conference paper
	2021 IEEE Global Communications Conference, GLOBECOM 2021 - Proceedings
	(Hui et al., 2021)
	Y
	Implemented
	cars;sensors;traffic
	GIS; sensor data
	ML/DL; simulation
	path planning;traffic management;traffic managers
	30 road segments of the Chinese city of Xi'an
	Road network, traffic density from sensors;  
	Simulation of the optimal path through the personalised utility of vehicle users
	optimised path planning
	Bidirectional flow of data as a feedback loop with data collected in real-time, yet the results do not link to the physical environment.
	DS-B
	Corridor
	Short-term

	43
	2021
	Conference paper
	Proceedings - 2021 IEEE International Conference on Big Data, Big Data 2021
	(Van Den Berghe, 2021)
	Y
	Implemented using open data
	actuators;bus;sensors
	open data platform;GIS;GPS;TfL database
	ML/DL; simulation
	monitoring;public transport authorities;route planning;scenario analyses
	Public bus network operation in London
	live location of buses and their routes and their stops
	Passenger arrival is estimated, and bus operation is simulated for the whole network
	Bus movement simulation in case of a route diversion
	Bidirectional feedback loop with real-time data
	DS-B
	City
	Medium-term

	44
	2021
	Journal article
	Journal of Integrated Design and Process Science
	(Rivera et al., 2021)
	Y
	Implemented with historical data
	bus
	sensor data
	simulation
	monitoring;future possibility;public transport authorities
	Bus rapid transit systems of Cali, Columbia (buses, routes, bus drivers, and
bus schedule)
	Bus route, stop network, service times, stop times, waiting times
	Better architecture to improve Cyber-Physical Systems. Visualises KPIs, Headway coefficient of variation  and the excess waiting time at bus stops
	-
	The bidirectional flow of information and the lack of control over physical space bust data used for this case are historical and not real-time. 
	Digital model
	City
	Does not predict

	45
	2021
	Conference paper
	Proceedings - International Conference on Network Protocols, ICNP
	(Du et al., 2021)
	Y
	Implemented with existing database
	cars;sensors;traffic
	video data
	ML/DL; simulation
	-
	platoon consisting of several intelligent vehicles, and they can communicate with each other
	traffic scenarios recorded with various sensor modalities, including high-resolution RGB, grayscale stereo cameras, and a 3D laser scanner. 
	Real-time trajectory prediction scheme using LSTM and Deep Learning
	-
	Bidirectional real-time data collection but no control over physical space
	DS-A
	Corridor
	Short-term

	46
	2021
	Conference paper
	2021 Intelligent Technologies and Electronic Devices in Vehicle and Road Transport Complex, TIRVED 2021 - Conference Proceedings
	(Zhukov & Moroz, 2021)
	Y
	Proposed
	bus; public transport
	AnyLogic
	agent-based;simulation
	-
	Bus transport operation 
	Bus stop location, waiting, passenger embarking and disembarking the bus 
	simulation model of the bus operation (passenger boarding, waiting time, parking status)
	-
	Unidirectional data flow, but it does not seem the data is proposed to be collected in real-time.
	Digital Model
	-
	Medium-term

	47
	2021
	Conference paper
	24th International Conference on Model-Driven Engineering Languages and Systems, MODELS 2021
	(Lyan et al., 2021)
	Y
	Implemented
	bus;bus-stops
	bus trip routes, network
	ML/DL
	public transport authorities;route planning;scenario analyses
	Public transport network in Rennes, France
	timestamped and location information, such as buses
speed, travel time, dwell time, etc
	a framework called DATATIME to implement models at runtime that capture both time and space dimensions. Predict the speed of each bus  line
	unified interface to solve the complexity of bus operation, new lines, stops, etc. The focus is on integrating scalability with traditional information systems containing apriori models.
	Bidirectional real-time data with decision support for bus operators
	DS-B
	City
	Variable

	48
	2021
	Conference paper
	Advances in Intelligent Systems and Computing
	(Ribas-Xirgo, 2021)
	Y
	Implemented with imaginary data
	taxi
	agents;Lua
	agent-based;simulation
	future possibility;scenario analyses;service planning;taxi operators
	A city area surrounding an airport (Manhattan-like street layout, grids) 
	movement of taxi fleets flow and its service operation. "cooperative taxis" pick up from any location surrounding the airport and drop off at the airport
	microscopic multi-agent simulation of pick up and drop off operation. Modelling of agent behaviour
	Optimisation of service time, supply/ demand and traffic density
	Unidirectional flow of information, possibly not collected in real-time using a hypothetical case
	Digital model
	Neighbourhood
	Short-term

	49
	2021
	Conference paper
	Lecture Notes in Computer Science 
	(Bowes et al., 2021)
	N (data analysis and visualisation framework)
	Proposed
	e-Buses
	-
	visualisation
	public transport authority;city authorities;monitoring;prediction;future possibility
	Implementation of Zero Emission Buses (ZEB) in Canadian cities
	-
	4D real-time and predictive visualisation for monitoring operation and prediction 
	Proposed monitoring of eBus implementation
	Unidirectional but real-time data collection. The intention here is to look at the appropriate visualisations for each stage of eBus implementation.
	DS-A
	City
	Short-term

	50
	2021
	Journal article
	Automation in Construction
	(Castañeda et al., 2021)
	N (BIM)
	Implemented
	traffic
	BIM; Traffic Analyst Autodesk
	mesoscopic;simulation
	road designer;traffic management
	Y-type road intersection located in Piedecuesta, Santander, Colombia
	3D BIM model of the intersection and four intersection design alternatives. Traffic data was also collected and projected  20 years  into the future 
	Traffic analysis using a BIM digital model and four intersection designs were analysed for construction cost, service levels, etc.
	Integrated road design and traffic analysis
	Unidirectional with no data collected in real-time.
	Digital model
	Local (intersection)
	Short to medium-term

	51
	2021
	Journal article
	ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences
	(Poßner et al., 2021)
	N (BIM+GIS)
	Proposed
	traffic
	-
	visualisation
	city authorities;monitoring;future possibility
	Noise maping in Leipzig, Germany
	street network, buildings, environment, traffic volume, and objects are managed historically.
	Data integration and model towards interoperable data
	-
	Unidirectional flow of data not collected in real-time nor control over the physical space.
	Digital model
	City
	Long-term

	52
	2021
	Journal article
	Automation in Construction
	(Yang et al., 2021)
	N (BIM+GIS)
	Implemented
	traffic
	BIM;GIS;VISSIM
	simulation
	hazard risk mitigation;planners ;scenario analyses
	Urban flooding scenario in Wanchai district in Hong Kong
	building architectural information, street inundation, road transport
	Visualisation and vulnerability analysis using urban flooding simulation and its impact on road transport
	Infrastructure system vulnerability identification
	Unidirectional data not collected in real-time
	Digital model
	Neighbourhood
	Long-term

	53
	2021
	Journal article
	IEEE Access
	(Collao et al., 2021)
	N (BIM)
	Implemented
	traffic
	BIM;GIS;VISSIM
	emission estimation; simulation
	impact assessment;planners ;future possibility
	Traffic on B-20 road  in Barcelona
	road traffic volume and vehicle fleet data from multiple sources to build a centralised database using BIM and georeferenced maps
	Estimation of air quality and emissions of CO2 and NOx
	Proposed for  used to evaluate the impact of Barcelona Low Emission Zone (LEZ)
	Unidirectional data flow not collected in real-time
	Digital model
	Corridor
	Long-term

	54
	2021
	Conference paper
	2021 IEEE East-West Design and Test Symposium, EWDTS 2021 - Proceedings
	(Pokusaev et al., 2021)
	Y
	Proposed
	public transport
	cell phone data;Kepler.gl;cellphone and smartcard data
	simulation
	passenger demand; public transport authorities
	Passenger traffic in the metro system for Moscow region
	Uses smart card data of passengers and mobile telecommunication operators to construct Origin Destination Matrices. All this is visualised in the Kepler.gl rendering system
	Discrete-event modelling system for metro passenger flow. Predict the number of passengers at various locations of the metro system across time. 
	-
	Data is collected in real time, but flow directions are ambiguous (mostly unidirectional)
	DS-A
	City
	Medium-term

	55
	2021
	Conference paper
	2021 IEEE International Smart Cities Conference, ISC2 2021
	(Vallejo et al., 2021)
	Y
	Implemented
	freight
	agents;Protege+Netlogo
	simulation
	freight operators;scenario analyses;service planning
	Distribution centre locations for Taco business in Guadalajara, Mexico
	Representation of simulation elements in Protege and then Netlogo
	ABM simulation to calculate distance travelled. Total emissions calculated from different scenarios of the distribution centre
	Help delivery agents to deliver parcels efficiently
	Data is not collected in realtime and unidirectional
	Digital Model
	Region
	Long-term

	56
	2021
	Conference paper
	Proceedings 2021 IEEE 1st International Conference on Digital Twins and Parallel Intelligence, DTPI 2021
	(Lu et al., 2021)
	Y
	Proposed
	-
	traffic volume from API; LGSVL simulator
	simulation
	signal optimisation;traffic managers
	-
	The topology structure of road networks, vehicles’ routes, real-time speed, drivers’ information, traffic signals’ running status, etc., and their historical data.
	high fidelity simulations for all physical parts
	overall, vehicles’ travel times can be reduced through simulation of vehicles’ potential movements under different traffic signal plans.
	The virtual part can determine the best plan and change the signals accordingly.
	Digital Twin 
	Local (Intersection)
	Short-term

	57
	2021
	Conference paper
	Proceedings 2021 IEEE 1st International Conference on Digital Twins and Parallel Intelligence, DTPI 2021
	(Deng et al., 2021)
	Y
	Implemented
	public transport
	cell phone data; cellphone and smartcard data
	simulation
	passenger demand;public transport authorities;public transport quality
	Public bus network in a section of road in Xuanchen, China
	Replicates individual trip chains and bus operation chains from smart card and GPS data
	Estimates individual travel time and bus speed 
	Improve the reliability of bus service from the optimised demand model
	Data is not collected in realtime and unidirectional
	Digital Model
	Corridor
	Medium-term

	58
	2021
	Journal article
	Transportation Research Part C: Emerging Technologies
	(Anda et al., 2021)
	Y
	Implemented
	individual movement
	cell phone data;synthetic schedules; cell phone data
	agent-based;simulation;trip distribution;trip generation
	data privacy;planners ;planning
	Individual mobility from user-aggregated mobile phone data in Singapore
	user-aggregated information (i.e. a series of histograms) from the telecommunications provide
	synthesise realistic and individual travel demand from aggregates of mobile phone data— the Digital Twin Travellers.
	User-aggregated information goes along with the current data protection and privacy regulations.
	Model developed by analyst which does not seem to be in real time. 
	Digital model
	City
	Long-term

	59
	2021
	Conference paper
	Advances in Production Management Systems APMS 2021
	(Y. Liu et al., 2021)
	Y
	Proposed
	freight
	ontology;Thing'n
	-
	freight operators;planning;future possibility;scenario analyses
	Last mile delivery problem from origin A to destination B within the city. Four components are included--vehicles and cargo, transport network, stops and last-mile delivery to destination.
	Thing'in an experimental DT platform which described the physical world (buildings, factories, cities, roads, and rail) 
	Ontology model: systematic organisation of data sources and their inter-relation depicted through a mathematical graph with nodes connected through links (relationships).
	Given the size of the cargo and the location for the delivery, the system presents possible locations for parking.
	Bidirectional but not automatic implementation (query system which shows possible parking locations)
	DS-A
	City
	-

	60
	2021
	Journal article
	Data & Policy
	(Papyshev & Yarime, 2021)
	Y
	Proposed
	individual movement
	-
	synthetic data
	hazard risk mitigation;planners ;future possibility;scenario analyses
	Proposed for the whole city of Singapore--built environment as well as the flora of the island
	"Virtual Singapore" project-- real-time data obtained via IoT sensors deployed in the city
	Data labelling practice to generate synthetic mobility data
	Prediction of behavioural response in situations where historical data is absent (e.g., during disasters)
	Realtime data collected unidirectional but no link to physical or automatic implementation of interventions in the physical space
	DS-A
	City
	-

	61
	2021
	Journal article
	Sustainability (Switzerland)
	(Gutierrez-franco et al., 2021)
	Y
	Implemented
	freight
	-
	agent-based;ML/DL;simulation
	freight operators;planning;future possibility;scenario analyses
	Last-mile delivery operation in the city of Bogota, Colombia
	Three simulation agents: vehicle operators, customers and the city
	Agent-based simulations using different parameter variations (vehicle's velocity, service times, different zones in the city)
	Learn the best routes (routing sequence to complete delivery tasks) in the city to provide an excellent service level.
	Bidirectional and not in real-time, but information on best routes is not utilised automatically
	Digital model
	City
	Medium to long-term

	62
	2021
	Report
	USDoT
	(Jeffrey Weidner et al., 2021)
	Y
	Implemented
	traffic
	VISSIM
	microscopic;simulation
	campus managers;route planning;scenario analyses
	 A campus building (under construction) and its impact on the surrounding transport network at the University of Texas at El Paso (UTEP) campus.
	A Digital Shadow (DS) of the transport network model in VISSIM, which served as both the real system component (data producer) and the digital replica component (data consumer) and the BIM model of building
	Simulation of traffic in the surrounding network affected by a traffic-blocked street because of construction vehicles.
	An alternative route was proposed through the parking lot to prevent queue build-up (as impact due to traffic blockade).  New re-routing decisions and a new signal program
	The authors mention that a DS is created as an intermediary step before DT; the data flows are bidirectional but not automatically implemented into the physical space.
	Digital model
	Neighbourhood
	Short-term

	63
	2021
	Conference paper
	Transportation Research Board
	(Livshits et al., 2021)
	Y
	Implemented
	individual movement
	-
	agent-based;simulation
	city authorities;future possibility;scenario analyses;urban planning
	Modelling the impact of business reopening scenarios after COVID-19 and telecommuting frequency for the Pheonix Metropolitan region
	An existing Agent-Based Model (ABM) was used based on the concept of an individual simulation of personal activities in time and space
	ABM was simplified for post-covid scenarios with multiple assumptions. There seems to be no visualisation component
	Consequences proposed about a potential further spread of the virus  and socio-economic cost/benefit for the regional population and economy
	Information was inputted to ABM (probably manually), and the outputs were also delivered to the analyst, which was not seen to translate to the ground.
	Digital model
	Region
	Long-term

	64
	2021
	Journal article
	Journal of Advanced Transportation
	(Botte et al., 2021)
	N (BIM)
	Implemented with fictional data
	traffic
	BIM;VISSIM
	microscopic;simulation
	operational management;future possibility;traffic managers
	-
	BIM-based simulation tools
	Evaluation of two BIM-enabled simulation tools based on relationships among traffic fundamental variables, cost functions, and route choice models
	Supporting traffic control planning during construction works
	Analysts see results, not sure if the process is in real-time or not
	Digital model
	-
	Medium-term

	65
	2021
	Journal article
	Journal of Transportation Engineering Part A: Systems
	(Saroj et al., 2021)
	Y
	Implemented
	traffic
	VISSIM
	visualisation;microscopic;simulation
	planners ;future possibility;scenario analyses;traffic management;traffic managers
	2.3miles long Northern Avenue Smart Corridor in Atlanta, USA, with 15 signalised intersection
	Traffic volume counts from video camera and signal controller data indicating the signal colour and its status from all intersections.
	Dynamic data-driven simulation delivers trajectory, speed, acceleration, and heady for the simulated vehicles, which helps calculate performance metrics.
	It provides visualisation of performance metrics—energy consumption, CO2, NOx emission, space mean speed, and average travel time—and can be used to investigate the deployment of new technologies.
	Bidirectional flow of information between models to  estimate performance measures and visualise these metrics but no automatic implementation
	DS-B
	Corridor
	Short-term

	66
	2022
	Journal article
	Buildings
	(Schlosser et al., 2022)
	N (BIM+GIS)
	Proposed
	traffic
	BIM; GIS
	-
	landuse-transport integration;planners ;future possibility;urban planning
	Creation of a new city centre in Bratislava
	GIS database, land use data, and traffic volume data. BIM for land use and traffic planning
	-
	Incorporate land-use planning and traffic engineering.
data into BIM
	Unidirectional, but some data (traffic volume) is collected in real time
	DS-A
	Neighbourhood
	Does not predict

	67
	2022
	Conference paper
	ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences
	(Beil et al., 2022)
	Y
	Implemented
	traffic
	CAESIUM; SUMO
	visualisation;microscopic;simulation
	future possibility;traffic management;traffic managers
	Road traffic in  central Munich 
	3D city model based on the traffic simulation, authors describe how simulation results from SUMO are converted into Caesium Markup Language (CZML)
	Microscopic traffic simulation was conducted in SUMO along with dynamic visualisation of traffic lights
	-
	There are no details on whether data was collected automatically, but the authors consider a realistic visualisation of the traffic simulation to serve as an anchor point for urban DT. In that sense, the information flow is bidirectional.
	Digital Model
	City
	Medium-term

	68
	2022
	Journal article
	Environment and Planning B: Urban Analytics and City Science
	(Chun et al., 2022)
	N (3D City Model)
	Implemented
	-
	GIS; LiDAR
	ML/DL;emission estimation;simulation
	planners ;future possibility;scenario analyses;urban planning
	Buildings and roads in Travis and Harris counties in Texas
	Building mass, lane length and tree canopy --LiDAR and GIS (3D city model)
	an ML technique to assess the impacts of urban metrics (urban structure, road distance, Daily VMT and LULC) on PM2.5 concentrations. Scenario analyses for PM2.5 removal--simulation of PM2.5 levels with varying building mass and tree canopy 
	Analysts used the results to understand PM2.5 concentration, appropriate policies could be formulated as an aftermath to the analyses. 
	Unidirectional flow of data not collected in real-time nor control over the physical space
	Digital model
	City
	Medium-term

	69
	2022
	Journal article
	Sustainable Cities and Society
	(Aguiar et al., 2022)
	Y
	Implemented
	traffic
	SUMO;  Porto living lab
	visualisation;emission estimation;optimisation
	decision support;monitoring;planners ;planning
	Road network in Porto Metro area, Portugal
	Inductive loops and vehicle trajectory sensors collect roadway data, number of vehicles, speed, and noise levels. IoT middleware for data assimilation. Road network in SUMO. Crash data from previous data sets
	--Traffic data is used for multi-obj optimisation and emission calculation.
--SUMO to estimate and predict traffic on all roads in a network.
--Calculates negative externality cost (EUR/veh)
	Feeds to a portal where metrics are calculated (for decision support system) to evaluate eco routes
	Real-time input of data to a digital model. The analysis is displayed to decision-makers and drivers.
	DS-B
	City
	Medium-term

	70
	2022
	Journal article
	European Transport Research Review
	(Van de Vyvere & Colpaert, 2022)
	Y
	Implemented
	sensors;traffic
	video data
	visualisation;data anonymisation
	decision support;KPIs;monitoring;planners 
	Urban area at Kortrijk, Belgium (monitored by 43 ANPR cameras)
	Road network and vehicle detection using ANPR camera
	Licence plate anonymisation catering to several metrics for traffic analysis
	Visualisation for decision-makers--hourly and daily traffic volumes and flows, estimation of travel time, and identifying unique and in-transit vehicles.
	This data is anonymised into interoperable semantic data for digital twins. Unsure if the data was collected in real time
	Digital model
	City
	Does not predict

	71
	2022
	Journal article
	IEEE Internet of Things Journal
	(Z. Wang et al., 2022)
	Y
	Proposed
	cars;traffic
	GIS;GPS
	classification;optimisation;simulation
	monitoring; future possibility
	Three building blocks: Human (driver behaviour), Vehicles (acceleration, brakes, steering) and Traffic (traffic signals, loop detectors, cameras, electronic signs)
	Located on the cloud, Human: behaviour (cameras, wellness sensors), Vehicle: machine parts and other planning (GNSS, and perceptional sensors),  Traffic: Flow, speed, routes (loop detectors, roadside units)
	Human: Classify different drivers using K-nearest neighbours
Vehicle: Modeling and simulation to predict maintenance schedules of components.
Traffic: Classifying traffic type 
	Human: Driver type classification
Vehicle: vehicle type classification
Traffic: Road type classification, traffic type classification
	Interconnection between physical and digital space, the interconnection between Human, Vehicle and Traffic copy in the digital space. Human actuators: Drivers
Vehicle actuators (by drivers):  steering, accelerator and brake system (lateral and longitudinal movement in physical space)
Traffic actuators: guidance received as roadside signs or adjustments are done
	DS-B
	Local (Vehicle level)
	Medium-term

	72
	2022
	Conference paper
	ACM International Conference Proceeding Series
	(Neuschmied et al., 2022)
	Y
	Implemented
	traffic
	GIS;LiDAR;video data
	visualisation
	future possibility;safety auditors;traffic managers
	Traffic movement in a street section in the city centre of Graz, Austria.
	3D model of street, GIS representation of trajectory, classification of road user, speed using Camera and LIDAR
	Traffic frequency 3D-Histogram/ heatmap from road user count and type data
	It might help traffic planners for further analysis, improving road segments, and identifying sources of noise pollution
	Real-time is not mentioned for input data. Output data does not lead to the implementation
	Digital model
	Corridor
	Does not predict

	73
	2022
	Journal article
	European Journal of Operational Research
	(Ritzinger et al., 2022)
	Y
	Implemented
	emergency vehicles
	Java
	optimisation;simulation
	-
	Emergency medical service in Vienna-patient transportation from home to medical facility and vice versa
	Optimisation algorithms are computed in Java, whereas the experimental computations are in the VS3 environment.
	Simulation, optimisation and re-optimisation algorithms with the objective function set at reducing the delay time
	-
	The optimisation/ simulation experiment data are not gathered in real-time, and its output is not used for real-world applications.
	Digital model
	City
	Medium-term

	74
	2022
	Journal article
	Cluster Computing
	(Bachechi et al., 2022)
	Y (but used just once in the abstract)
	Implemented
	traffic
	SUMO
	simulation
	-
	It uses 318 working (out of 400) loop inductors in Modena, Italy, to input the number of vehicles and the average traffic speed.
	The road network of Modena as a SUMO Traffic Model
	Sensor anomaly detection using Seasonal-Trend Decomposition using Loess (STL) and classification using correlation analysis.
Traffic model simulation was run using the uncleaned and cleaned (without anomaly).
	-
	-Realtime data collection and anomaly detection/prediction
-No implementation of physical space
	DS-A
	City
	Medium-term

	75
	2022
	Conference paper
	ACM International Conference Proceeding Series
	(Y. Zhang & Zhang, 2022)
	Y
	Proposed
	parking spaces, traffic
	Wellington database
	simulation
	mode preference;planners ;future possibility
	Transit system of Wellington-data of transportation facilities, flight information, transportation flow and parking lots information
	Public transport network and essential nodes in Wellington
	Network-wide simulation to understand traffic flow at various times as well as what kind of transit modes people prefer
	-
	According to the authors, bidirectional data flow and real-time data collection distinguish a conventional simulation from a Digital twin.
	DS-A
	City
	Short to medium-term

	76
	2022
	Journal article
	IEEE Transactions on Intelligent Transportation Systems
	(Liao et al., 2022)
	Y
	Implemented
	cars;traffic
	-
	car-following model; simulation
	decision support; drivers
	Merging manoeuvre of connected vehicles (ego and others) at the intersection of a mainline and a ramp  for a highway at Riverside, California
	Cloud server, which replicates the vehicles and driver behaviour
	Car-following theory and calculated advisory speed for the advanced driver assistance system (ADAS)
	Advisory speed displayed on the screen to drivers
	Bidirectional but not automatic implementation (model displays advisory speed, but it is up to the driver to follow that speed)
	DS-A
	Local (Intersection)
	Short-term

	77
	2022
	Journal article
	IEEE Transactions on Intelligent Transportation Systems
	(S. Wu, 2022)
	Y
	Implemented
	traffic
	-
	ML/DL
	monitoring; traffic managers
	The author mentions that data was collected from several roads in a city
	traffic volume
	Dynamic prediction model of road network traffic flow
	Short-term forecasts (15 min, 30 min, 1 hr, 2 hr) of traffic flow and comparison with actual traffic flow
	Information flow from the real world in real-time 
	DS-A
	Corridor
	Short-term

	78
	2022
	Report
	USDoT
	(Sisiopiku et al., 2022)
	Y
	Implemented
	individual movement
	OpenStreetMap;MATSim
	visualisation;agent-based;demand estimation;simulation
	demand modelers;planners ;planning;scenario analyses
	The transport network of Birmingham Metropolitan Area, Alabama. 
	MATSim Microsimulation model replicates automobile, transit and TNC (Uber) trips. Travel plans, initial locations of Uber drivers, and transport network are used as input
	Simulation of Uber trips based on travel plans  and estimation of Origin-Destination matrices
	Policy-level questions such as how many Uber drivers will suffice the demand, what is the hourly volume on roads
	Bidirectional, but the information is not real-time, and statistics are presented to stakeholders for further action
	Digital model
	City
	Long-term

	79
	2022
	Conference paper
	Lecture Notes in Civil Engineering
	(Huang et al., 2022)
	Y
	Implemented
	individual movement
	GIS;ontology
	agent-based;simulation;synthetic data
	ABM researchers;monitoring;planners 
	Built environment and population of Singapore
	Synthetic built environment-building, establishments, housing units and landuse
	Synthetic population generation using Bayesian Network model-matched relevant spatial units to synthetic agents.
	More detailed representation of urban system and population for ABM simulation
	The input of data from the real environment from multiple sources is necessarily in real-time, but the output produces no implementable service for analysts. 
	Digital model
	City
	-

	80
	2022
	Conference paper
	International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences - ISPRS Archives
	(Hristov et al., 2022)
	Y
	Proposed
	traffic
	LiDAR
	emission estimation; simulation
	monitoring;planners ;future possibility
	Urban living lab (12 air quality monitoring
stations, 60 noise measurement stations, 50 pedestrian counting
radars and a LIDAR system for vehicle counting and traffic
analysis) for Lozenets, Sofia, Bulgaria
	Air pollution, noise level and traffic/people flow maps of the entire neighbourhood/ district
	air quality and noise level prediction from traffic and people flows
	Recommendations for improving public transport, unserved routes, deficient schedules, new parking allocations, alternative modes
	The input of data from the living lab (as a network of sensors) from multiple sources- in real-time, but output produces no implementable service for analyst 
	DS-A
	Neighbourhood
	Medium-term

	81
	2022
	Journal article
	Electronics (Switzerland)
	(Z. Wu et al., 2022)
	Y
	Implemented
	traffic
	BIM
	visualisation;simulation
	facility managers;monitoring;future possibility;traffic management
	Tunnel in China monitored with IoT sensors
	BIM for a parametric 3D model of the tunnel and 3D real-time fusion method of tunnel multi-channel video. 
	Linking the 3D model and professional traffic simulation software. 
	can be used to predict and deduce changes in vehicle flow, regulate traffic signals, respond to traffic incidents, and test vehicle limits
	Helps in decision support but not automatic implementation
	DS-A
	Corridor
	Short-term

	82
	2022
	Journal article
	IEEE Transactions on Industrial Informatics
	(Hu et al., 2022)
	Y
	Implemented
	traffic
	traffic speed and volume
	ML/DL
	future possibility;traffic management;traffic managers
	Traffic dataset collected from Nanjing, China
	-
	Predicts traffic flow and velocity for the next intersection based on the hour of the day
	changes in vehicle flow, to regulate traffic signals, to respond to traffic incidents, and to test
	Data was collected from city authority using sensors but not in real life, also not sure how they use the results
	Digital Model
	Corridor
	Short-term

	83
	2022
	Journal article
	Sustainable Cities and Society
	(Jiang et al., 2022)
	Y
	Implemented
	roads;landuse;traffic
	GIS; raster data
	multi-criteria analyses;raster analyses;road planning
	planners ;scenario analyses;urban planning
	Mortlake neighbourhood in the south-west of London
	Digital raster maps of topography, traffic congestion, air quality and route choices from Google maps
	Raster analyses to derive costs to carry out multi-criteria analysis to select route alignments (new roads+old roads)
	The system is used to identify two road alignment plans considering many factors
	Data may not be collected in real time, but it helps decision-makers decide
	Digital model
	City
	Does not predict

	84
	2022
	Conference paper
	Chinese Control Conference, CCC
	(S. Chen et al., 2022)
	y
	Implemented
	railway
	stop location;train schedule;historical delay
	visualisation; ML/DL
	operational management;railway operator
	Beijing to Dingzhou rail corridor, China
	The web display interface includes real-time train running supervision and network delay pre.
diction function
	predicts the train's future dynamics in time, predicts whether the trains will affect each other, and predicts the spread of delays in real-time.
	Better delay prediction due to an emergency 
	bidirectional information flow through sensors in realtime but no automatic implementation
	DS-B
	Corridor
	Medium-term

	85
	2022
	Journal article
	IET Intelligent Transport Systems
	(Fu et al., 2022)
	Y
	Implemented 
	roads;traffic
	GPS;OpenStreetMap;SUMO
	ML/DL;microscopic;simulation
	automatic freeway control strategy;future possibility;traffic managers;traffic operation
	Freeway segments from Sanyuanli toll gate to Guangzhou Baiyun Airport in Guangzhou, China.
	Road network constructed on the simulation platform. Database from multiple sources related to human behaviours, vehicle characteristics, and traffic flow
dynamic
	Traffic models are calibrated iteratively using dynamic databases. There are two types of model: deterministic (density, speed, travel time, etc.) and stochastic (probability of emergency events)
	Integrated freeway control strategy considering signal timing of upstream.
Urban intersections and regulating traffic flow on freeway segments. The control strategy can be implemented automatically and updated iteratively for the freeway.
	Data flow is bidirectional with the potential to implement the simulated freeway control strategy but not implemented on the field. The effectiveness of strategies is simulated, however.
	DS-B
	Corridor
	Medium-term

	86
	2022
	Journal article
	Journal of Applied Engineering Science
	(Noma-Osaghae et al., 2022)
	Y
	Implemented using close to real-world data (simulated)
	traffic
	AnyLogic
	microscopic;simulation
	future possibility;traffic management;traffic managers
	Traffic at a road section
	Road network created in AnyLogic software, and data collected from field
	Simulation of traffic flow rate on road sections
	-
	Does not seem to collect real-time data, and no info flows to the physical environment.
	Digital Model
	Corridor
	-

	87
	2022
	Conference paper
	Communications in Computer and Information Science
	(Bachechi, 2022)
	Y
	Proposed
	cyclists;public transport;traffic
	network;OpenStreetMap;SUMO
	visualisation;emission estimation;microscopic;simulation
	monitoring;traffic managers;traffic operation
	Presents two different DTs--Traffic and Air Quality (TAQ) DT and Graph-Based Multi-modal Mobility (GBMM)Digital Twin. Does not describe a specific study area/ physical environment
	TAQDT: urban road network from OSM and microsimulation, data collected using traffic sensors/inductor loops
GBMMDT: Graphs of cycle path, road network, and public transport network from OSM, which are integrated as a multi-layer at the relevant POI
	TAQDT: The traffic simulation model feeds into the emission model, which feeds into the air dispersion model to forecast air quality
	TAQDT: Dashboard can enable visualisation scenarios and NOx concentration map; 
	TAQDT: Semi-realtime data collection with no link to physical
	DS-A
	-
	Short-term

	88
	2022
	Conference paper
	IEEE Vehicular Technology Conference
	(Ji et al., 2022)
	Y
	Implemented
	traffic
	SUMO;Traci
	ML/DL; simulation
	traffic managers;traffic operation
	Traffic (physical road network) from the City of Sioux Falls
	Road networks built on SUMO, which is used to simulate real-time traffic for further analysis
	spatiotemporal prediction of traffic congestion by observing propagation of traffic congestion from a macroscopic view using the simulation from SUMO
	predict the spatiotemporal range of congestion
caused by accidents (simulated) in urban road networks
	Data is collected in real time; the flow of data is unidirectional
	DS-A
	Neighbourhood
	Short to medium-term

	89
	2022
	Conference paper
	Proceedings Elmar - International Symposium Electronics in Marine
	(Kušic et al., 2022)
	Y
	Implemented
	traffic
	SUMO; Mobility Switzerland database
	microscopic;simulation
	traffic managers;traffic operation
	The section of the A1 motorway in the Geneva region
	Network modelled in SUMO with dynamic adjustment  of traffic
flows and speeds, along with changes in vehicle parameters
	On-the-fly calibration of the simulation model with dynamic rerouting. Simulated traffic is compared with the actual traffic
	Opportunities of using SUMO for real-time simulation
	Fine-grained real-time data is fed to SUMO for run-time calibration of traffic flow. No strategies or automatic implementation
	DS-A
	Corridor
	Short-term

	90
	2022
	Book chapter
	2021 IEEE 23rd International Conference on High-Performance Computing and Communications
	(X. Chen et al., 2022)
	Y
	Implemented on existing datasets
	bus-stops
	Caltrans Performance Measurement Database
	ML/DL
	mobility profiles;planners ;planning
	Network of bus stops (nodes) in two cities in California, USA and one city in the Jiangsu Province, China
	Graph-based representation of the bus transport network
	Digital Twin Mobility Profile (DTMP) prediction using a graph-based neural network. Mobility profiles summarise mobility-specific characteristics such as average speed and mobility flow.
	understanding spatial and temporal dependencies of bus stations using mobility profiles
	Bidirectional flow of information and prediction to operators and help them incorporate design and policy measures. 
	DS-B
	City
	Medium-term

	91
	2022
	Journal article
	International Journal of Transportation Science and Technology
	(Saroj et al., 2022)
	Y
	Implemented
	traffic
	imputed data
	simulation
	-
	2.3miles long Northern Avenue Smart Corridor in Atlanta, USA, with 15 signalised intersections and 147 detectors
	Traffic volume and signal status real-time data streams. 
	Various imputation techniques are applied to fill data gaps in the streams and estimate travel time from simulated.
	-
	Unidirectional flow of information between models to  estimate travel time and no link to physical (also not the aim of the paper)
	DS-A
	Corridor
	Short-term

	92
	2022
	Conference paper
	Proceedings - European Council for Modelling and Simulation, ECMS
	(Major et al., 2022)
	Y
	Proposed
	individual movement
	OpenStreetMap;MATSim
	visualisation;agent-based;simulation
	planners ;planning;future possibility;scenario analyses
	Travel in the city of Alesund, Norway
	Road network data from OSM and GeoNorge, demographic data, hourly traffic data, and CO2 emission data
	Models calculate travel volume and CO2 estimates and display them to users (planners) for "what-if" scenario analyses ("graphical DT")
	4 "what-if" scenarios presented and discussed how planners could generate new knowledge
	Bidirectional and real-time sensors are used for only traffic flow data but do not imply a physical environment
	DS-B
	Neighbourhood
	Medium to long-term

	93
	2022
	Conference paper
	Proceedings - European Council for Modelling and Simulation, ECMS
	(Leplat et al., 2022)
	Y (mentions it just once)
	Proposed
	pedestrians; public transport
	GENOR;GFTS;GIS;OpenStreetMap
	visualisation; indicator calculation
	accessibility indicators; planners 
	Walking conditions and bus service in the city of Alesund, Norway
	Google Maps and Open street maps to represent the city in a web platform. Different types of data sets were used related to walkability  and bus accessibility (GFTS data from Entur)
	Indicators calculated related to walkability (population density, connectivity, etc.)  and bus accessibility (public transport accessibility level, average waiting time, walking times to reach stop)
	Generic visualisation of  any set of multidimensional indicators (GENOR)
	Unidirectional data does not seem to be collected in real time
	Digital Model
	City
	Does not predict

	94
	2022
	Journal article
	IEEE Transactions on Intelligent Transportation Systems
	(Tu et al., 2022)
	Y
	Implemented
	traffic
	network
	DEA;ML/DL;simulation
	-
	Transport infra in 12 cities of the Jiangsu province, China
	Layout of transport infrastructure, type of structure and its investment scale 
	Computes efficiency of transport infra using an index-based approach through Data Envelopment Analysis (DEA). Also predicts short-term traffic flow forecast in one city.
	-
	Unsure if flow data is collected in real-time. The data flow is unidirectional, and the usage of the estimated result is not presented.
	Digital Model
	City
	Short-term

	95
	2022
	Conference paper
	International Conference on Advanced Communication Technology, ICACT
	(B. Kim et al., 2022).
	Y
	Implemented
	individual movement
	DELTA; landuse data
	agent-based;simulation;trip distribution
	planners ;scenario analyses;urban planning
	Landuse and transport in Sejong City, South Korea
	Agents (citizen), buildings, roads, intersections, bus lines, and bus stops in a landuse and transport virtual model
	Landuse's model determines an agent's residence by considering changes in socioeconomic characteristics, accessibility, and price. The transport model assigns trip purpose to agents and trip distribution and decides the mode
	The impact of a large commercial facility in the city led to an increase in the population of the area as well as an increase in carbon emission 
	Data do not seem to be collected in real-time, and results do help urban planners, but interventions are not devised or implemented
	Digital model
	City
	Long-term

	96
	2022
	Journal article
	ISPRS International Journal of Geo-Information
	(Sánchez-Vaquerizo, 2022)
	Y (mentions closer to digital shadow)
	Implemented
	traffic
	GIS;OpenStreetMap;SUMO; cell phone data
	demand estimation;microscopic;route assignment;simulation
	planners ;planning;scenario analyses
	Roads in Barcelona core area + area in the periphery (Metropolitan area of Barcelona)
	Road network from OpenStreetMap, O-D from mobile phones and conventional surveys
	Large scale traffic microsimulation-1st step is travel demand creation, 2nd step efficient spatial distribution of routes using microsimulation
	pushing microscopic approaches into large-scale scenarios
	bidirectional interaction, but data collection does not seem to be in real-time
	Digital Model
	City
	Medium to long-term

	97
	2022
	Journal article
	Transportation Research Part C: Emerging Technologies
	(Ma et al., 2022)
	Y
	Implemented
	cyclists;intersections;pedestrians
	LiDAR; video data
	agent-based;safety;simulation
	monitoring;future possibility;safety auditors
	unsignalized intersection
in Southeast University (SEU), Nanjing, P.R. China and a signalised intersection in Singapore
	Point cloud data of 3D built environment as well as moving and static objects and trajectory data of agents (pedestrians, cyclists, cars, trucks, etc.). 3D bounding cuboids are created to represent various road users in real-time.
	Real-time monitoring (estimation of conflict points using ABM) intervisibility between conflicting
Agents in pairs at intersections. Estimated intervisibility between conflicting agents considering both stationary and dynamic obstacles.
	-
	Real-time data collection with the bidirectional flow but no link to physical environment
	DS-B
	Local (intersection level)
	Does not predict

	98
	2022
	Conference paper
	IEEE Symposium on Computers and Communications
	(Mendula et al., 2022)
	Y
	Implemented
	traffic
	GPS;
	ML/DL; microscopic;
	planner;
	Vehicular mobility data from the downtown area of Bologna, Italy
	Onboard black box recording trip start and stop time, GPS coordinate, average velocity and trips undertaken
	Short (yearly) and medium-term (weekly) predictive models to estimate traffic volume
	-
	Real-time data collection with unidirectional flow but no link to the physical environment
	DS-A
	Neighbourhood
	Short to medium-term

	99
	2022
	Journal article
	IEEE Journal of Radio Frequency Identification
	(Q. Liu et al., 2022)
	Y
	Implemented
	traffic
	LiDAR; video data
	simulation; 
	planner;operators;management;decision support; future possibility
	Roadside and on-board equipment and vehicular traffic (study area not mentioned)
	vision, distance sensor collects real-time point cloud data, traffic lights and guidance data
	Simulation for vehicle-road coordination technology and autonomous driving technology
	Transport operator control includes closed area management, municipal traffic management, crewless delivery vehicle operation, etc.
	Real-time data collection with the bidirectional flow but no link to the physical environment
	DS-A
	Corridor
	Short-term

	100
	2022
	Journal article
	IEEE Journal of Radio Frequency Identification
	(C. Liu et al., 2022)
	Y
	Implemented
	traffic
	VISSIM;Prescan; video data; trajectory
	microscopic; simulation
	safety auditors;highway operations
	Entry and exit of trucks and buses at the expressway (study area not mentioned)
	car following and lane changing behaviour--car trajectory through drone videos
	Extracts traffic trajectories based on deep learning algorithms and then simulates the traffic trajectory
	Identification of traffic conflict based on trajectories
	Data collection is not real-time, has unidirectional flow, and has no link to the physical environment
	Digital Model
	Local
	Short-term

	101
	2022
	Journal article
	Land
	(Gholami et al., 2022)
	Y
	Implemented
	pedestrians
	weather; 3D; GIS; 
	simulation;  walkability
	planner; scenario analyses; 
	A neighbourhood in the historical city of Imola, Italy.  buildings, landuse and road network
	3D model of Imola, real-time sensors for monitoring weather data (air flow, humidity, air temperature)
	Estimating physiological equivalence temperature (PET) index through offline simulation (i.e., the model is not updated in real-time)
	Designing a Green Pedestrian Network using PET maps and walkability maps
	Data collection is in real-time but not bi-directional and does not change anything in the physical environment automatically.
	DS-B
	Neighbourhood
	Medium-term

	102
	2023
	Journal article
	Landscape and Urban Planning
	(Ki et al., 2023)
	N
	Implemented
	pedestrians;
	GIS;
	 
	 
	Physical environment (building, roads, etc.) of a few Census tracts in New York City. 
	3D model of these tracts onto the GIS platform. Virtual street images were extracted from both vehicles' and pedestrians' perspective
	Differences in the measurement between pedestrian and vehicle views of the 3D model
	-
	The data flow is unidirectional and does not seem to happen in real-time
	Digital Model
	Neighbourhood
	Does not predict

	103
	2023
	Journal article
	Transportation Research Part A 
	(Feng et al., 2023)
	Y
	Implemented
	traffic;
	traffic speed and volume;
	demand estimation;
	traffic management;scenario analyses
	Actual traffic data on some regional roads of Xi’an Railway Station was measured using monitoring stations (road site units)
	Vehicle networking system that maps the communication  between the digital and virtual space 
	Algorithm reducing communication overhead in the IoV network. Travel behaviour model predicting people's activity-travel mode due to unforeseen disruption  of 
	Prediction of traffic congestion degree: smooth,
Crowded and congested in 24 hours and calculates the impacts of different lane closure measures. 
	The data flow is bidirectional and real-time but does not impact/ influence change in the physical system.
	DS-B
	Corridor
	Short-term

	104
	2023
	Book chapter
	Lecture. Notes. Intell. Transp. Infrastruct.
	(Royo et al., 2023a).
	Y
	Implemented but does not present results
	freight;
	Madrid living lab; GIS;
	demand estimation;optimisation;
	urban planning;freight operator;scenario analysis
	A low Emission Zone (LEZ) of Madrid containing an Urban Consolidation Centre (UCC) intending to shift from diesel commercial vehicles to an electric fleet for freight distribution
	Geospatial data set, daily deliveries, vehicles, distribution routes
	The first step is to calculate emissions, and then the user decides on the KPI; based on the KPI, the second step is optimising the route for air pollutants or noise levels.
	A scenario was tested against the base case where the freight was distributed from a peri-urban (BAU) depot and when a UCC was established. The COPERT  model was used for emission estimation
	Data collection in real-time
	DS-B
	Neighbourhood
	Short to medium-term

	105
	2023
	Book chapter
	Towards Human-Vehicle Harmoniz.
	(Z. Wang et al., 2023)
	Y
	Proposed
	cars;
	 
	 
	drivers;
	Mobility Digital Twin (MDT) replicates human, vehicle and traffic
	human, vehicle, and traffic blocks in the physical space can be transmitted to the digital space through the communication plane and stored in the data lakes of associated digital twins for future use.
	-
	Cloud-based advanced driver-assistance systems (ADAS), where cloud computing is leveraged to provide visual guidance and control commands toward connected vehicles.
	Data can be used for the microservices not only in the original mobility block but also in other blocks (e.g., traffic signal data measured by the traffic block can be used for both the “real-time monitoring” microservices in the traffic digital twin and the “cooperative control” microservices in the vehicle digital twin). Data flow is bidirectional.
	DS-B
	Local
	-

	106
	2023
	Conference paper
	Transport Research Arena (TRA) Conference-Transport Research Procedia
	(Ulrich et al., 2023)
	Y
	Proposed
	traffic;sensors
	GIS;
	 
	highway authorities;
	European roads, Austrian motorway A-10
	geospatial database of street and traffic infrastructure layer along with data on moveable objects (traffic, interactions, etc.) and environmental conditions (daytime, weather, etc.)
	-
	Information for traffic and asset monitoring, navigation and manoeuvre planning for drivers.
	Data is collected in real time, but its usage is not clarified
	DS-B
	Corridor
	Does not predict

	107
	2023
	Conference paper
	IEEE 26th International Conference on Intelligent Transportation Systems
	(Wenl et al., 2023)
	Y
	Implemented using dataset not collected by authors
	traffic;
	trajectory
	simulation;visualisation
	scenario analyses; traffic managers
	on-ramp merging scenario
	Vehicle trajectory from CitySim dataset
	LimSim combines macroscopic traffic flow simulations for the entire road network with microscopic vehicle motion simulations in specific scenarios, providing a comprehensive representation of traffic behaviour.
	-
	Data is not collected in real-time. 
	Digital Model
	Local
	Short-term

	108
	2023
	Conference paper
	Transportation and Logistics Society Second Triennial Conference
	(Park et al., 2023)
	Y
	Implemented
	public transport; pedestrians
	GFTS;GIS
	simulation;
	path planning
	Sidewalk preference (path choice) for a section of the Boston Transit network
	GFTS data from the Massachusetts Bay Transportation Authority, sidewalk inventory
	A simulation model for temporal aggregation of link-level travel time is used to estimate the anticipated in-vehicle travel time variability, which provides a more realistic representation of the anticipated travel-time variability.
	-
	Data is not collected in real-time and does not produce results usable for direct service purposes.
	Digital Model
	Neighbourhood
	Medium-term

	109
	2023
	Conference paper
	Transport Research Arena (TRA) Conference-Transport Research Procedia
	(Konstantinidou et al., 2023)
	Y
	Proposed
	 
	GIS
	visualisation
	urban planning;scenario analyses
	Three neighbourhoods in the city of Thessaloniki, Breda, Helsinki
	3D city models of these cities
	-
	Citizen participation in the process of discussing mobility plans through digital twins to incorporate feedback loops
	The data for the 3D models for each city was collected in real time, but we don't know how mobility-related data was collected. Citizens' feedback acts as the bidirectional loop for implementation.
	DS-A
	Neighbourhood
	Does not predict

	110
	2023
	Conference paper
	IEEE International Smart Cities Conference
	(Munoz et al., 2023)
	Y
	Implemented
	traffic;
	ML/DL;
	emission estimation;
	future possibility;
	A region of 384 Km2 where the entire area comprises 500 sub-regions (TAZ) divided based on population distribution. Isle of Wright, south of the United Kingdom
	Multiple years of traffic data with anonymised information about the coordinates, timestamps and additional features for the movement of each element. Real-time traffic monitoring, traffic forecast, estimation of CO2 emissions and the detection of abnormal behaviours in near real-time
	A hybrid ML model for short-term traffic forecast and emission estimation. In addition to the traffic forecast, it incorporates the influence of the mobility flow of surrounding and related regions and its impact on the area analysed.
	-
	The data is collected in real time but is not connected to the physical environment for implementation. The data flow does not seem to be bidirectional.
	DS-A
	Region
	Short-term

	111
	2023
	Conference paper
	IEEE International Smart Cities Conference
	(Bellini et al., 2023)
	Y
	Implemented but does not present results
	traffic;sensors
	GIS;GFTS
	emission estimation;visualisation;indicator calculation
	scenario analysis; KPIs
	Traffic management in Florence, Italy
	3D representation of cities, road networks, public transport routes, transport services by private operators, traffic data through IoT, parking data, people  flow counts, census data, Points of interest, weather condition 
	Routing algorithms for simulating travel paths and travel demand models using simulated OD matrices. What-if scenario generators to calculate KPIs.
	Simulation and KPIs are presented using graphical interfaces, maps, and dashboards to facilitate decision-making.
	Other than traffic flow data, none of the other datasets are real-time. Info flow is bidirectional. Feedback loops happen as a part of human/ stake-holder involvement
	DS-B
	City
	Medium to long-term

	112
	2023
	Conference paper
	Transport Research Arena (TRA) Conference-Transport Research Procedia
	(Royo et al., 2023b)
	Y
	Implemented
	traffic;
	Madrid living lab; GIS;
	emmision estimation;optimisation
	scenario analysis;freight operator
	A low Emission Zone (LEZ) of Madrid containing an Urban Consolidation Centre (UCC) intending to shift from diesel commercial vehicles to an electric fleet for freight distribution
	geospatial data, traffic flows in real-time, and operational and business data from private entities
	models' pipeline starts by executing an open rough-cut planning model to calculate the distance, time and resources needed for the two scenarios. Subsequently, two models are available for calculating the vehicle emissions
	A dashboard presents the results of the two scenarios to the target user (Logistic Service Provider), who selects the most appropriate one to continue with the pipeline. 
	Data is collected in real-time, and data flow is bidirectional depending on users' input
	DS-B
	Neighbourhood
	Medium-term

	113
	2023
	Conference paper
	IEEE International Smart Cities Conference
	(Saeed et al., 2023)
	Y
	Proposed
	pedestrians;
	GIS;
	 
	safety auditors;
	-
	3D rendering of a virtual metropolis in the metaverse
	multi-agent traffic simulation to create realistic urban scenarios
	the purpose is to teach children about safe road behaviours in a traffic scenario
	The data does not seem to be collected in real-time
	Digital model
	City
	-

	114
	2023
	Conference paper
	IEEE International Smart Cities Conference
	(Shrivastav et al., 2023)
	Y
	Implemented
	parking spaces;
	video data;
	ML/DL; visualisation
	future possibility;
	Roadside parking in one location of a smart city
	Video feed of parking location was used for parking object detection
	Image processing algorithms (YOLOv5) were used for detecting parking spaces and classifying their occupancy, followed by visualisation of these parking spaces in a 3D map
	-
	Data collection is real-time, but data flow is not bidirectional
	DS-A
	Local
	Does not predict

	115
	2024
	Journal article
	IET Journal of Inteligent Transport Systems
	(Qu et al., 2024)
	Y
	Implemented
	traffic;sensors
	SUMO;RoadRunner;GIS;traffic speed and volume; trajectory
	simulation;visualisation
	traffic management;future possibility
	Section of six-lane expressway in China
	Speed, volume, occupancy (macro) and trajectory (micro) data. 3D scenarios of the expressway were created using RoadRunner software
	Macro and microdata aggregated with a fusion technique. Continuously synchronised model to replicate authentic traffic data in SUMO. Traffic crash detection model from multi-source data.
	-
	Real-time data collection and model update, but the data flow is not bidirectional. 
	DS-A
	Corridor
	Short to medium-term

	116
	2024
	Journal article
	Transportation Research Part C
	(Smeets et al., 2024)
	Y
	Implemented
	roads;motorcycles
	BMW fleet data; GIS; trajectory
	driver behaviour model; ML/DL;visualisation
	automotive engineers;future possibility;
	BMW motorcycles in Germany  for more than 100,000 riding trips in 2022
	Acceleration, banking angle and GPS position of motorcycle trips were sent to the cloud and matched with geospatial data of road segments such as slope,  curvature and the speed limit on the HERE platform.
	Quantile regression to characterise cornering and longitudinal motorcycle riding behaviour into distinct riding types. A driving line model that mimics a real-world driving line was also developed.  A kinematic model of the motorbike is used to simulate the motorcycle fleet's driving behaviour.
	Will be beneficial during automotive development by allowing developers to simulate different customer riding profiles on any desired route.
	The paper does not seem to say that the data is processed in real-time, but fleet data is collected automatically. Also, the model does not seem bidirectional.
	DS-A
	Local
	Short-term

	117
	2024
	Journal article
	Computers, Environment and Urban Systems
	(Ai et al., 2024)
	Y
	Implemented
	pedestrians;
	GIS;trajectory;video data
	space-syntax;visualisation
	future possibility;
	Tourist pedestrians walking in two squares in Macau
	Smartphone video data to represent the point of view of pedestrians to calculate their trajectory. Space syntax to measure visual exposure. 3D model of the two squares squares.
	Algorithms that employ photogrammetry to generate pedestrian trajectories from videos. Development of attractiveness index map 
	-
	Data is not collected in real-time
	Digital Model
	Neighbourhood
	Does not predict






Annexure 4: Pre-screening publication titles (2023-2024).
	S No.
	Item Type
	Publication Title

	1
	Book chapter
	Advances in Dig. And ML. for Integrated Bldg.-Transport Energy Sys

	2
	Journal article
	Archives of Civil Engineering

	3
	Journal article
	Artificial Intelligence in Cyber-Physical Systems: Principles & Appl.

	4
	Journal article
	Building and Environment 

	5
	Journal article
	Computer-Aided Civil and Infrastructure Engineering

	6
	Journal article
	Computer-Aided Design and Applications

	7
	Journal article
	Computers in Human Behavior

	8
	Journal article
	Computers, Environment and Urban Systems

	9
	Journal article
	Developments in the Built Environment

	10
	Journal article
	Energy & Environmental Sustainability

	11
	Journal article
	eTransportation

	12
	Journal article
	European Transport

	13
	Journal article
	Expert Systems with Applications

	14
	Book chapter
	Fostering Sustainable Dev. in the Age of Technol.

	15
	Journal article
	Green Energy and Intelligent Transportation

	16
	Journal article
	High-speed Railway

	17
	Conference paper
	IEEE 26th International Conference on Intelligent Transportation Sys.

	18
	Conference paper
	IEEE Conference on Metaverse Comp., Networ. and App. 

	19
	Conference paper
	IEEE International Smart Cities Conference

	20
	Journal article
	IEEE Open Journal of Intelligent Transportation Systems

	21
	Journal article
	IEEE Open Journal of Vehicular Technology

	22
	Journal article
	IEEE Transaction of  Intelligent Transportation Systems

	23
	Journal article
	IEEE Transactions on Computational Social Systems

	24
	Journal article
	IEEE Transactions on Intelligent Vehicles

	25
	Journal article
	IEEE Transactions on Systems, Man, and Cybernetics

	26
	Journal article
	IEEE Transactions on Transportation Electrification

	27
	Journal article
	IET Intelligent Transport Systems

	28
	Journal article
	IISE Transactions

	29
	Journal article
	Infrastructures

	30
	Journal article
	International Journal of Applied Earth Observation and Geoinformation

	31
	Journal article
	International Journal of E-Planning Research

	32
	Journal article
	International Journal of Logistics Research and Applications

	33
	Journal article
	International Journal of Transportation Science and Technology

	34
	Journal article
	ISPRS International Journal of Geo-Information

	35
	Journal article
	J Intell Mater Syst Struct

	36
	Journal article
	Japan Society of Civil Engineers

	37
	Journal article
	Journal of Advanced Research

	38
	Journal article
	Journal of Advanced Transportation

	39
	Journal article
	Journal of Civil Engineering and Management

	40
	Journal article
	Journal of Cleaner Production

	41
	Journal article
	Journal of Critical Infrastructure Policy

	42
	Journal article
	Journal of Geovisualization and Spatial Analysis

	43
	Journal article
	Journal of Highway and Transportation Research and Dev.

	44
	Journal article
	Journal of Infrastructure Intelligence and Resilience

	45
	Journal article
	Journal of Intelligent and Connected Vehicles

	46
	Journal article
	Journal of Land Use, Mobility and Environment

	47
	Journal article
	Journal of Location Based Services

	48
	Journal article
	Journal of Railway Engineering Society

	49
	Journal article
	Journal of Reliable Intelligent Environments

	50
	Journal article
	Journal of Spatial Science

	51
	Journal article
	Journal of the Korean Society for Railway

	52
	Journal article
	Journal of Transportation Engineering, Part A: Systems

	53
	Journal article
	Journal of Urban Management

	54
	Journal article
	KSCE Journal of Civil Engineering

	55
	Journal article
	Landscape and Urban Planning

	56
	Journal article
	Lecture Notes in Civil Engineering

	57
	Conference papers
	Lecture Notes in Intelligent Transportation and Infrastructure

	58
	Conference papers
	Multidisc. approaches in AI, Creativity, Innovation, and Green Coll.

	59
	Journal article
	PLoS ONE

	60
	Journal article
	Proceedings of the ICE - Engineering Sustainability

	61
	Journal article
	Proceedings of the ICErs: Smart Infrastructure and Construction

	62
	Journal article
	Railway Engineering Science

	63
	Journal article
	Safety Science

	64
	Journal article
	Science of The Total Environment 

	65
	Journal article
	Smart and Sustainable Built Environment

	66
	Journal article
	Smart Cities

	67
	Book chapter
	SmarUrbMob: transport planning in the age of big data and digital twins

	68
	Journal article
	Socio-Economic Planning Sciences

	69
	Journal article
	Survey Review

	70
	Journal article
	Sustainability

	71
	Journal article
	Sustainable Cities and Societies

	72
	Book chapter
	The Digital Twin

	73
	Journal article
	Tourism Information Technology

	74
	Journal article
	Tourism Management

	75
	Book chapter
	Towards Human-Vehicle Harmoniz.

	76
	Journal article
	Transactions in GIS

	77
	Journal article
	Transport Policy

	78
	Journal article
	Transport Problems

	79
	Conference paper
	Transportation and Logistics Society Second Triennial Conference

	80
	Journal article
	Transportation Engineering 

	81
	Journal article
	Transportation Research Interdisciplinary Perspectives

	82
	Journal article
	Transportation Research Part A: Policy and Practice

	83
	Journal article
	Transportation Research Part C: Emerging Technologies

	84
	Journal article
	Transportation Research Part E: Logistics and Transportation Review

	85
	Conference papers
	Transportation Research Procedia

	86
	Journal article
	Transportation Research Record

	87
	Report
	United States Department of Transport (USDoT)

	88
	Book chapter
	Urban Book Ser.

	89
	Book
	Urban Freight Analytics: Big Data, Models, and Artificial Intelligence

	90
	Journal article
	Urban Rail Transit

	91
	Journal article
	Urban, Planning and Transport Research

	92
	Report
	Using Connected Intelligent Trans. to Enhance VRU Safety



