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Abstract

The interest in the development of smart cities and the proliferation of digital twins as a powerful
information processing technology have lead to the definition of Urban Digital Twins (UDTs). UDTs
model city aspects such as transportation, water supply or air pollution, together with their inherent
complexity. For addressing this complexity, in this paper we propose the use of models distributed over
the Cloud-to-Thing Continuum, in order to take advantage of the flexibility, scalability and computational
capacity of digital services through the multiple physical infrastructures offered by this environment.
Following this philosophy, we have modelled a distributed digital twin of the public bus service of the
city of Malaga and the users who travel on it. We have validated the model against the real system using
the USE tool, and used it to perform simulations and inferences.
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1. Introduction

Over the last few years there is a increasing interest in the development of smart cities. These
are complex entities composed of myriads of elements —infrastructures, humans, computers
and other technological components, etc.— interacting among themselves in disparate manners.
The goal of smart cities is to use technology for providing useful services to their citizens and to
solve urban problems [1]. So far, smart city applications have been mostly developed in ad-hoc
manners, duplicating efforts and costs, and hindering reusability and interoperability [2].

At the same time, Digital Twins (DT) have grown as a powerful information processing
technology. A DT is a comprehensive digital representation of a system, employing models
and data for representing its properties, conditions, and actions. DTs are continuously updated
with real-time information about their physical counterparts [3], facilitating two-way feedback
between their digital model and the physical entities represented in it, allowing real-time
monitoring, adopting adaptation policies, and enhancing decision-making processes.

In the literature we can find many proposals advocating for applying DT technologies to the
development of smart city applications [4]. These Urban Digital Twins (UDT) model specific city
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aspects such as transportation, water supply, or air pollution. As citizens are the fundamental
key to smart city ecosystems, they must be also taken into consideration. However, their
role in UDTs has often been neglected, treating them as a crowd and not considering them as
individuals. Instead, we advocate for integrating citizens in the UDT picture, exploiting their
information, habits and preferences, and allowing them to have full control over their own
data, as well as benefiting from better services from the organisations with whom they share
them. With this purpose, we introduced the concept of Digital Avatars (DA) for representing
the virtual profile of a person in collaborative and social computing applications [5].

Moreover, conventional implementations of DTs are based on monolithic cloud architectures
[6], which face limitations related to scalability, latency, and data privacy and security. These
drawbacks are particularly important when modelling UDTs, since a huge amount of information
has to be transmitted from the end devices that produce it to the cloud deployment of the UDT.
Instead, we advocate for a distributed, hierarchical, and low-coupled architecture deployed
over the Cloud-to-Thing Continuum (the Continuum, in short) in which the digital counterpart
of each element of the system is deployed on the device which is closest to it, improving the
scalability, response time, and privacy of the sensed data. This approach takes advantage of the
actual computing architecture of smart cities, where the existing services are distributed over
the different layers of the Continuum. In order to show the benefits of the proposed architecture,
we have applied it to a case study of smart city transportation in Malaga (Spain), building a
UDT which models both its public bus system, and the individuals that make use of it.

The structure of this paper is as follows. After this introduction, section 2 describes how the
different elements of the data model of the public transportation system are deployed over the
Cloud-to-Thing Continuum, resulting in a loosely coupled and hierarchical architecture of the
UDT. Then, section 3 presents the current state of the proposal, describing its implementation
and validation. Finally, section 4 presents the conclusions of this work, discussing the advantages
and limitations of the proposal, and pointing out some future works.

2. Deploying UDTs over the Cloud-to-Thing Continuum

Leveraging the Cloud-to-Thing Continuum infrastructure, we have designed a UDT using high-
level UML models. They have allowed us to address the complexity of a urban transportation
service, reproducing and simulating at low cost both the behavior of the service and that of its
users. The design has been made trying to be scalable in both directions, up and down, so that
the system can regulate the workloads that occur at different times.

As shown in Figure 1, the urban transport service of the city of Malaga has a set of buses
(BusVehicle) that circulate throughout the city. Each of these buses is assigned a specific route
(BusRoute) to transport passengers (Passenger) from a point of origin to a point of destination.
Also, each route consists of a series of stops (BusStop) where passengers can board and alight.

In addition to the buses, passengers are another key part of our system. They will have in
their smartphone an entity called Digital Avatar (DA). This DA is composed of a series of records
(DARecord) which store information about the activities that a user carries out in the context
of their daily life, or in their interaction with certain apps. In our case study, the DA stores
the Passengers’ Journeys, recording their start and end times as well as the GPS coordinates
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Figure 1: A UML model of a smart city transportation.

of the start and destination points of the Journey. Passengers take buses in their journeys,
and might actually need to take more than one bus to reach their destination. Therefore, the
model also collects information about the Stops where passengers start (BeginInfo) and end
(EndInfo) the partial legs of their Journey. All this information is private but can be shared, with
the user’s authorization, with other services and devices while preserving the user’s identity.

Up to this point, our proposal combines two models: that of the users (in orange in Figure 1),
and that of the urban transportation service (in blue). But nothing prevents from extending the
model with other data models relevant to the UDT. For example, other transportation systems
such as subway (in gray color in Figure 1), or a weather model, as weather conditions have a
noticeable influence on the behavior and timing of buses.

Instead of producing a monolithic UDT, we have distributed these models according to the
computational capacity of the layers of the Continuum, reducing the problems inherent to a
centralized system (delays between recording data and getting results, large storage require-
ments, etc.) In this distributed design we have brought the data processing as close as possible
to the source of the data. Hence, the buses —whose data model and behavior is shown in blue in
Figure 1— are located at the fog layer, acting as a gateway between the devices at the edge and
cloud layers. This way, we endow each bus with the ability to store, process, and filter relevant
data that is sent either to the cloud for further analysis, or to the specific users that may be
affected by its behavior (i.e., those riding the bus or waiting at the forthcoming bus stops).

Furthermore, we have deployed the user model on the edge layer. Private data produced by
the use of applications or the mobile device itself are consumed by the DA. With the user’s prior
authorization, some of these data can be shared with other devices and services (at fog and
cloud layers) while preserving the user’s identity. This involves some interaction between the
edge and fog layers as shown in Figure 1. Finally, we have deployed in the mist layer devices
with little or no processing and/or storage capacity, but which are also relevant for the proper
functioning of the UDT. We will describe them in more detail in the next section.



3. Implementation and Validation

As previously discussed, the focus or our study is public transportation networks in smart cities,
particularly in Malaga (Spain). We have at our disposal information updated every minute
regarding the city’s bus utilisation, including data about routes, stops, timetables, and the GPS
location of buses. This information is provided by the City Council as open data’, and it plays a
critical role within the model. The bus routes and stops build the primary infrastructure of the
network, acting as the fundamental pillar that sustains the entire system. The GPS locations of
the buses, updated every minute, introduce dynamism to the system, offering updates on the
buses’ positions and movements throughout the city.

Currently, the mobile application provided by the transportation company in Malaga lacks
certain information that our UDT can infer. For instance, the company does not know where
its passengers will get off, a detail our UDT can infer from the habits stored in the DA. The
company also sends mass notifications to all users during incidents, regardless of their relevance
to individual users. Our UDT can provide more targeted notifications based on real-time data.
To incorporate user data, we rely on smartphones equipped with GPS and Bluetooth, and the
DA that represents the user. Bluetooth beacons are installed at stops and on buses, allowing the
DA to detect when a user arrives at a stop, gets on, or gets off the bus. The system also verifies
that the user is moving as the bus moves, using the smartphone’s GPS and the bus location.

We have been collecting data from the transportation system for several months, focusing on
a specific bus line (line 11). This line traverses the city, covering 66 stops in total. We currently
have over 500,000 documents stored in a MongoDB Atlas database, occupying more than 30
MB, which record the locations of buses within this line every minute.

We have modelled the system with USE, which provides a number of tools for analyzing
UML models, including model validation, instance generation, and invariant checking. The
behavioral aspects of the system are specified in SOIL, an executable language available in USE.
The model® calculates average times between stops depending on the day of the week and time.

Estimating precisely the stop time is challenging due to the minute-by-minute snapshots of
the buses and the fact that a bus does not stop at a station if there are no passengers to get on
or off. This variability in travel times can affect the accuracy of the model’s predictions, so it is
something the model needs to take into account.

To address these challenges, we are currently validating the model. Validation provides
insights into the accuracy and reliability of our predictions at a statistical level. It also helps us
identify the factors that contribute to significant deviations from the predicted data. Long-term
predictions have proven to be more accurate than short-term ones due to various influencing
factors, such as traffic jams or road closures that affect short-term predictions more significantly.

Moreover, validation allows us to refine the model by incorporating variables such as traffic
patterns, weather conditions, special events, or road closures. These can significantly influence
bus movements and arrival times. By continuously validating the model with real-world data
and adjusting for these variables, we aim to improve its predictive capabilities and provide more
reliable and accurate information to the users of the public transportation service.

Thttps://datosabiertos.malaga.eu/group/transporte
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4. Conclusions

In this paper we have described how UML models and their simulation in the USE tool are
suitable for the specification of UDTs in order to verify their expected behavior with a very
low computational cost. The models thus designed have been deployed in practice by taking
advantage of the computational resources offered by each layer of the Continuum. In this way
we move from a centralized cloud service (starting point of our case study) to a distributed
architecture where data processing is performed close to the node that produces the data.

The distributed deployment we propose allows balancing the workload of the service currently
managed by the Malaga bus company: (a) each bus checks if it meets the expectations set by
the company (i.e., the bus arrives without delay at each stop at the estimated time); (b) in case
of delay or incident, a bus can conveniently notify its passengers, both those on the bus and
those waiting at the forthcoming stops. This facilitates personalised communications.

We are currently completing the validation of our model as far as buses are concerned and
analyzing the causes that lead to deviations between estimated and actual behaviors. This
suggests some lines of future work. First, we plan to feed our model with relevant information
that very directly affects the response times of buses (e.g., city holidays, occurrence of major
events, weather conditions, etc.). Second, we still need to incorporate user behavior and activity
into the simulated model. Then, we will be able to predict data such as the arrival time at
a destination or the future occupancy of the buses. Finally, we plan to use the information
provided by users’ DAs to refine predictions and provide personalized recommendations.
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