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ABSTRACT

Tourism is an essential and growing economic activity worldwide,
bringing benefits such as job creation, revenue generation, and tax
revenue, and driving economic prosperity. Tourism activity may
also have negative impacts on cities, such as overtourism and pres-
sure on housing and real estate, which are increasingly recognized
as problems communities must address. Cultural heritage is an
essential asset of cities and countries that must be preserved. Cul-
tural heritage, as an asset, is commonly explored through tourism
activities and may have negative impacts, including physical degra-
dation, commodification, and loss of authenticity, among others.
Tourism and cultural heritage management are common elements
of smart city digital transformation strategies, in which the well-
being of citizens and the maintenance of public assets are among
the goals. A digital twin is a data-driven virtual representation of
a physical object, system, or environment. It typically integrates
real-time data and computational models to simulate, monitor, ana-
lyze, and predict the behavior and performance of the represented
entity. However, although digital twin technology has been widely
adopted in manufacturing, Industry 4.0, and urban planning for
smart cities, there remains a gap in specialized digital twins for
tourism and cultural heritage management. This paper proposes
a QGIS-based, data-centric approach to digital twin frameworks

*All authors contributed equally to this research.

that supports the management, development, and deployment of
tourism and cultural heritage services and applications in smart
cities. The data-centric approach is embedded in a specialized dig-
ital twin focusing on the Salvador Historic Center - Pelourinho,
a highly important cultural asset and tourism spot for the city of
Salvador. Currently, Pelourinho faces a persistent challenge in sus-
taining tourism flux while safeguarding its cultural and heritage
assets. Preliminary results indicate that the data-centric approach
adopted by Pelourinho’s DT facilitates data visualization, integrates
data silos, and adequately supports management, enabling man-
agers to address heritage preservation and conservation issues,
control over-tourism, and implement urban resilience and climate
adaptation measures.

CCS CONCEPTS

« Computer systems organization — Embedded and cyber-
physical systems; « Computing methodologies — Modeling
and simulation.
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1 INTRODUCTION

Tourism is an important economic activity with a huge impact on
economies around the world ([5]). As discussed in ([14]), 1.4 billion
international tourist arrivals were recorded in 2024, generating 10.9
trillion dollars in economic activity, an amount equivalent to 10%
of the Global GDP (Gross Domestic Product). In addition, tourism
activity created jobs for 357 million people, equivalent to 10.6% of
the global workforce ([5]).

Tourism global indicators suggest that tourism activity is increas-
ing and is commonly associated with impacts on cultural heritage
and the well-being of inhabitants ([15]).

Cultural heritage preservation is a fundamental aspect of cities,
including new smart cities, and digital transformation management
strategies ([10]). In this context, Digital Twins (DTs) can be used
for tourism management and to support the preservation of cul-
tural heritage and historic sites in general (e.g., [16]; [6]; [2] [7]).
In summary, digital twins customized for cultural heritage create
virtual replicas of historic sites that support in situ management
and preservation initiatives.

The Historic Center of Salvador, Brazil, also known as Pelour-
inho (Figure 2), is recognized as a UNESCO World Heritage Site.
It faces significant challenges related to planning, climate change
adaptation, optimization, and the facilitation of tourist flux, as well
as urban heat islands. These issues are exacerbated by the lack
of management of tourism flux, the scarcity of green spaces, the
high density of buildings, and inadequate land use, which compro-
mise not only the environment but also the region’s historical and
cultural heritage.

Figure 2: Salvador Historic Center (Pelourinho) (Source: [4]).
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Artificial intelligence (AI) is another important component ex-
plored in current approaches for tourism management and cultural
heritage [19] [14]. Al support requires a data-rich setup, in which
the quantity and quality of the data are paramount for providing
effective Al-based solutions ([8]; [19]; [3]).

The research gap in the scenario with DTs being used to manage
tourism and cultural heritage is therefore threefold:

e There is a gap of solutions based on digital twins (DTs)
that consider tourism, cultural heritage, and social issues
concomitantly;

e Digital twins for cultural heritage are mostly focused on
simple digitization and visualization tools, and lack incor-
porating data-rich models; and

o There is a gap for digital twins (DTs) that embed artificial
intelligence tools to address smart city multi-faceted issues
(and related datasets), such as tourism, social well-being,
and cultural heritage.

As such, the main research question addressed in this paper is
as follows:

e Is it possible to integrate a data-rich strategy into a spe-
cialized digital twin framework that holistically deals with
tourism and cultural heritage urban issues?

The research gap in this scenario is how to incorporate sev-
eral data-rich datasets from different domains and support new
strategies using DT technology for urban development and smart
cities.

This paper’s objective is to propose a data-rich strategy inte-
grated into a specialized QGIS-based digital twin to support inte-
grated tourism and cultural heritage management actions in the
Pelourinho Historic Center.

The paper addresses the following contributions:

e Develop a data-centric approach for a new type of special-
ized digital twin;

o Integrate IoT sensors and predictive analytics with artificial
intelligence to address the impact of tourism and climate
change on the preservation of the historical heritage of
Pelourinho; and

e Develop a specialized DT enabling real-time site monitor-
ing, scenario simulations, and predictive maintenance, of-
fering a replicable, data-centric approach to tourism and
heritage preservation.

The paper innovates by adopting QGIS maps georeferencing
and providing the necessary flexibility to incorporate, on demand,
dynamic data with various structural elements such as Internet of
Things (IoT) sensors, heritage, historic, and social data related to
the real-world scenario of historical centers, while capturing and
exporting dynamic data for these elements. Practical examples of
incorporated structural components include cameras, on-the-fly
people and tourism flux, vehicle flux, temperature and humidity
sensors, cultural and historic data elements, among others.

This paper is organized as follows: the introduction section 1
presents tourism and cultural heritage preservation using DT tech-
nology. Section 2 introduces the digital twins in the context of
tourism and cultural heritage. Section 3 presents the data-centric
approach used by the digital twin, followed by a use case on tourism



Dynamic Map-based Data-Centric Approach for Tourism and Cultural Heritage Preservation Digital Twins

flux and a discussion on its embedding within the digital twin ar-
chitecture. Finally, Section 4 concludes the discussion with final
considerations on the DT data-rich approach and future work.

2 DIGITAL TWINS FOR TOURISM AND
CULTURAL HERITAGE PRESERVATION IN
SMART CITIES

The smart city strategy is an "umbrella” trend that considers vari-
ous pillars for urban development, such as mobility, infrastructure,
security, health, and energy, to mention some ([17]; [9]). Smart city
strategies aim to promote the well-being of city inhabitants while
simultaneously optimizing urban management and services.

Technology and data form the core of smart city project develop-
ment. The Internet of Things (IoT), artificial intelligence, and digital
twins, to name a few, are fundamental technologies of smart city
development across nearly all areas, including tourism and cultural
heritage preservation ([12]).

2.1 Digital Twins

A digital twin is a digital representation of a physical asset, process,
or system that accurately replicates its data, behavior, and interac-
tion with other assets. DTs enable real-time monitoring, situation
simulation, and data analysis, providing valuable insights into the
performance and behavior of the modeled counterparts ([11]; [1]).

Digital Twins emerge as a promising tool for urban development.
They allow virtual modeling of the urban environment and enable
real-time data analysis to support tailored strategies and policies
for smart, sustainable, and resilient cities ([1]).

Digital twins for tourism and cultural heritage preservation are
a current trend ([3]). A specialized digital twin for tourism and
cultural heritage that handles dynamic data and integrates data
across different applications is shown in Figure 1. One fundamental
aspect of this proposal is the data-rich approach, which is pivotal
for tourism and cultural heritage and relies heavily on artificial
intelligence.

2.2 Digital Twin for Tourism and Heritage
Preservation - The Pelourinho Historic
Center Issues

The Historic Center of Salvador is one of the most significant cul-
tural and architectural heritage sites in Brazil and was designated a
UNESCO World Heritage Site. Despite its historical, symbolic, and
economic significance, Pelourinho faces a set of persistent, inter-
related urban challenges that directly affect both tourism sustain-
ability and heritage preservation. These challenges are intensified
by the area’s complex spatial configuration, its high tourist appeal,
and the limitations of traditional urban management approaches.
One of the central issues concerns the lack of systematic manage-
ment of tourist flows. Tourism activities in Pelourinho are highly
concentrated in specific streets, squares, and time periods, leading
to spatial and temporal imbalances. The absence of continuous
monitoring mechanisms results in overcrowding during peak hours
and underutilization of other areas, increasing pressure on historic

buildings, public spaces, and urban infrastructure. This phenome-
non contributes to overtourism, reducing the quality of the visitor
experience and negatively impacting residents’ well-being.

Another critical problem concerns human density and conges-
tion in heritage-sensitive spaces. Excessive visitor concentrations
accelerate physical degradation processes, such as the wear of pave-
ments, facades, and public equipment, while also increasing risks
to safety, accessibility, and emergency response. The lack of real-
time data and predictive tools limits public authorities’ capacity to
anticipate and mitigate these effects.

Pelourinho also faces significant environmental challenges, par-
ticularly those related to urban heat and noise pollution. The high
density of built structures, limited vegetation coverage, and intense
pedestrian activity contribute to the formation of urban heat islands,
which affect thermal comfort for both residents and tourists. In par-
allel, cultural events, street performances, vehicular circulation
in surrounding areas, and large tourist crowds generate elevated
noise levels, compromising the acoustic comfort of humans and
animals and potentially affecting the structural integrity of historic
buildings over time.

In addition to these issues, data fragmentation and institutional
silos constitute structural limitations to integrated urban manage-
ment. Information on tourism, cultural heritage, environmental
monitoring, and urban infrastructure is typically dispersed across
multiple institutions and formats, hindering comprehensive analy-
sis and coordinated decision-making. This fragmentation restricts
the ability to establish correlations between tourism dynamics,
environmental conditions, and heritage conservation indicators.

Furthermore, Pelourinho is increasingly exposed to climate change-
related risks, including rising temperatures and more frequent ex-
treme weather events. These factors exacerbate existing vulnerabil-
ities of historic structures and public spaces, demanding adaptive
and resilient management strategies supported by data-driven tools.

Given this context, Pelourinho constitutes a complex urban en-
vironment in which tourism pressure, environmental stress, and
challenges of heritage preservation coexist and interact. Address-
ing these issues requires an integrated approach that combines
real-time monitoring, historical data, spatial analysis, and predic-
tive modeling. In this sense, a specialized Digital Twin emerges
as a suitable technological solution to support the analysis, simu-
lation, and management of tourist flows, environmental impacts,
and preservation strategies in the Historic Center. By centralizing
heterogeneous data and enabling dynamic representations of urban
processes, the Pelourinho Digital Twin aims to provide actionable
insights for sustainable tourism management and the long-term
preservation of cultural heritage.

3 DIGITAL TWIN WITH DYNAMIC AND
CUSTOMIZED DATA-CENTRIC AND QGIS
MAP-BASED APPROACH

The QGIS-based data-centric approach of the digital twin of Pelour-
inho (Pelourinho’s DT) (Figure 3) provides several key features for
managers, urban developers, and urban planners within the context
of a smart city strategy. The supported key features are:
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Figure 3: Pelourinho’s DT Data-Centric Approach.

e The integration of heterogeneous and diverse data sources e To georeference all data relative to the QGIS map to sup-
from IoT physical and logical sensors, social data from insti- port real-location in Pelourinho’s in-site management and
tutions dealing with Pelourinho’s settlement, and historical impact analysis.

and cultural heritage data elements;

e Flexible data analytics processing with multiple artificial
intelligence tools and algorithms; and

e Use of georeferenced data to facilitate spatial-data corre-
lation and management visualization with dynamic and
flexible input parameters.

The Pelourinho’s database is composed of the following elements
(Figure 3):

e A geographic QGIS database;
e An IoT-based database of sensed parameters relevant for
Pelourinho’s tourism and climate change impact analysis;
o A heritage-related historical database and social data data-
3.1 The Pelourinho’s DT Databases and zase; a?d o defined database £ - Pelourinh
_ . e Anapplication-defined database for supporting Pelourinho’s
Data-Centric Approach DT customization for different smart city management

The main principle of the data-centric approach adopted in this strategies and applications.
research is to shift from advanced data models toward improving
the quality and quantity of the data. One of the main arguments The geographic and georeferenced QGIS database stores all data
for this approach comes from the fact that Pelourinho’s DT uses in accordance with QGIS map-processing requirements and opera-
artificial intelligence, and Al is moving to data-centric Al since the tions.
algorithms need data with quantity and quality ([20]; [18]). The IoT-based database stores all physical and sensor parameters
The Pelourinho’s DT data-centric requirements are as follows: associated with the services and applications supported by the DT,
including tourism and climate change applications. All data is time-
e Dynamically integrate time-series data acquired with the referenced to allow time-series analysis supported by the DT.
help of various types of IoT sensors for distinct DT’s situa- The application-specific database includes data parameters, knowl-
tional analysis; edge, and information concerning the custom application and ser-
e Support diverse and specific types of data necessary for vices supported by the DT.
analyzing the situation of Pelourinho’s tourism, cultural QGIS does not explicitly support a dynamic, data-centric ap-

heritage, and climate change; and proach. As such, the Pelourinho’s DT employs a database-to-QGIS
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mapping approach, as illustrated in Figure 3. In summary, it works
as follows:

e The used database stores IoT and other types of data, al-
lowing a generic set of service-specific data processing and
data analysis by distinct Al algorithms;

e Data stored in the databases map to the layers’ structure
used by the QGIS maps; and

o The deployed database structure ensures item Time-series
mappings and relations.

3.1.1  Pelourinho’s DT Data-Centric Deployment. The deployment
of Pelourinho’s Digital Twin adopts a data-centric approach, in
which data serves as the architecture’s structuring element. At the
same time, applications and visualization mechanisms act as access
and analysis layers.

The database used in Pelourinho’s DT is the open-source Post-
greSQL with the PostGIS extension, which supports spatial data
storage and manipulation ([13]).

A PostgreSQL database was chosen due to QGIS’s support for
PostGIS, including spatial capabilities for 2D, 3D, and 4D, spatial re-
lationships, and spatial analytics. In addition, it is high-performance
with large datasets, ensuring the DT’s scalability for large-scale
application scenarios.

As illustrated in Figure 3, the overall data deployment is based
on a set of logically distinct yet integrated databases (IoT, cultural
heritage, social, and application-dependent data) that feed a Service-
Specific Data Processing and Analytics (SSDPA) module and, sub-
sequently, the QGIS-based integration and visualization layer.

The service-specific data processing and analytics (SSDPA) mod-
ule is part of the DT main architecture. Regarding data manipula-
tion, the SSDPA supports spatial SQL queries and database-defined
views.

The main characteristics of the data-centric deployment adopted
in the Pelourinho’s DT are as follows:

e A central spatial database stores different types of data;

e Service-specific pre-processing is performed directly on the
database using spatial SQL;

e QGIS acts as an integration and visualization layer; and

o The database tables and views reflect the QGIS layer struc-
ture used for georeferenced operations.

3.2 A Use Case: Pelourinho’s Tourism Flux

The use case diagram presented in this study formalizes a practical
application of the Pelourinho Digital Twin focused on the analysis
and management of tourist flux within the Historic Center of Sal-
vador. The diagram defines the main actors, the system boundaries,
and the interactions that enable the Digital Twin to operate as a
monitoring, analytical, and decision-support platform.

Three primary actors interact with the Pelourinho Digital Twin
System. The Urban Manager (Public Authority) represents munic-
ipal and heritage management institutions responsible for regu-
lating urban space, tourism activities, and preservation policies.
The Tourism Planner acts as a strategic user focused on organizing
events, designing tourist routes, and managing visitation patterns.
The Researcher/Analyst represents academic and technical users
who employ the Digital Twin to investigate spatial, temporal, and
environmental dynamics associated with tourism.

At the core of the diagram lies the Pelourinho Digital Twin Sys-
tem, which encapsulates the data-centric infrastructure, analytical
models, and visualization tools described in the architectural frame-
work. The central use case, Monitor Tourist Flow, constitutes the
system’s primary functionality. It enables stakeholders to visualize
and track the spatial and temporal distribution of tourists across
streets, squares, and points of interest, using dynamic maps and
indicators generated from integrated data sources.

This core functionality explicitly includes two subordinate use
cases: Estimate Tourist Density and Identify Congestion Hotspots.
The first relies on the fusion of heterogeneous data collected from
different sources, such as camera detections, passive WiFi/Bluetooth
signals, and statistical estimates, to generate reliable density mea-
sures. The second use case builds on these estimates to detect areas
of excessive concentration, thereby supporting early identification
of overcrowding risks in heritage-sensitive spaces.

The use case Simulate Tourism Flow Scenarios extends the mon-
itoring process by enabling prospective analyses. Through scenario
simulation, stakeholders can evaluate “what-if” situations, such as
cultural events, changes in pedestrian routes, or seasonal variations
in visitation. This function highlights the predictive capacity of
the Digital Twin, distinguishing it from conventional monitoring
systems.

Another relevant use case, Assess Environmental Impacts, con-
nects tourist flow patterns with environmental variables, particu-
larly urban noise levels and microclimatic conditions. By correlating
human density with acoustic pressure and temperature, the Digital
Twin supports integrated assessments of comfort, sustainability,
and heritage preservation.

Finally, the use case Support Decision-Making aggregates the
outputs of monitoring, estimation, simulation, and environmental
assessment. It represents the ultimate purpose of the Digital Twin:
to provide structured, data-driven insights that inform urban gover-
nance, tourism planning, and preservation strategies. This use case
depends on the results of multiple analytical processes, reinforcing
the systemic and integrative nature of the proposed Digital Twin.

Overall, the use case diagram demonstrates how the Pelourinho
Digital Twin uses a data-centric approach to tourism management.
By clearly defining actors, system functions, and their relationships,
the diagram illustrates how heterogeneous data are transformed
into actionable knowledge, supporting both real-time management
and strategic planning in a complex historic urban environment.
The use case diagram can be identified below

3.3 The Data-Centric Approach embedded in
the Pelourinho’s DT Architecture

The Pelourinho’s digital twin architecture is illustrated in Figure
5. It is composed of five layers, applications, and components ([7]).
The architecture’s layers are hierarchical and interact together to
represent, monitor, and optimize the physical environment. The
physical layer represents the real world, including physical assets
(buildings, urban infrastructure, equipment, vehicles, people, and
social-related data, among others).

The proposed architecture for the Pelourinho Digital Twin was
developed from a systemic vision that integrates heterogeneous
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data sources, a centralized processing core, and analytical mod- research’s conceptual model illustrates this organization by present-
els for simulating urban phenomena. The figure developed in the ing, in a hierarchical manner, the elements comprising the physical
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environment, the data flows, and the computational layers that
support the operation of the digital twin.

The architecture is structured in three main blocks. The first
layer corresponds to the real world, where sensors and devices dis-
tributed throughout the Historic Center capture essential variables
such as temperature, humidity, noise level, people flow, and mi-
croclimatic conditions. This data is complemented by institutional
digital sources, such as the urban registry; heritage inventories
from IPAC (Instituto do Patrimoénio Artistico e Cultural da Bahia)!
and IPHAN (Instituto do Patrimonio Historico e Artistico Nacional na
Bahia); and existing 2D/3D models, as well as external resources,
including satellite images, national meteorological data, and public
geospatial databases. This layer is characterized by the diversity of
formats, resolutions, and periodicities, which reinforces the need
for a robust integration mechanism.

The second layer represents precisely this mechanism: the Digi-
tal Twin Data Hub, which constitutes the core of the data-centric
strategy. Inspired by the logic presented in data-centric architec-
tures for heritage preservation, the Pelourinho Data Hub integrates
three essential components:

» The raw data zone, which directly receives sensor records,
camera detections, acoustic data, and pre-processed spatial features;

« The processing and harmonization pipeline, responsible for
noise removal, inconsistency correction, temporal synchronization,
georeferencing via QGIS base layers, and merging multiple sources,
especially for estimating population density;

« The structured repositories, composed of geographic databases,
time series databases, and application-specific datastores. This set
is the organizing element of the entire architecture, as it ensures
spatial, temporal, and semantic coherence to the data used by the
digital twin models.

The third layer comprises analytical models and the simula-
tion core, in which structured data are transformed into dynamic
representations of the territory. At this level, human flow, micro-
climate, and sound-propagation models operate, using the Data
Hub’s geospatial and temporal databases to generate maps, indi-
cators, forecasts, and simulated scenarios. This layer also includes
predictive analytics modules and continuous updating mechanisms,
ensuring that the digital twin reflects the most recent state of Pelour-
inho.

Finally, the top layer of visualization and applications provides
dynamic maps, dashboards, and interfaces that support urban mon-
itoring, cultural heritage management, and planned intervention
in public space.

This organization demonstrates that the data-centric strategy is
not an additional element, but the structural axis that articulates all
the components of the architecture. While the real world provides
diverse and fragmented data, and analytical models require con-
sistent databases to function, it is in the Data Hub that the critical
mediation between these two dimensions occurs.

The overall architecture is sustainable only because the data-
centric strategy ensures that data is received, structured, spatialized,
and integrated, enabling the digital twin to operate with precision,
continuous updates, and simulation capabilities. In summary, the

'IPAC and IPHAN are governmental institutions in Bahia and Brazil that lead Cultural
Heritage across the state and country.

presented proposal encompasses all the necessary elements: sensors,
institutional databases, processing, models, and applications, and
illustrates how data centralization is the fundamental component
that sustains the Pelourinho Digital Twin.

4 FINAL CONSIDERATIONS

Specialized digital twins are a trend in cultural heritage and tourism
management in smart cities and digital transformation contexts,
where over-tourism and the preservation of cultural heritage assets
must be planned and enforced.

A data-rich approach is a must for specialized digital twins. The
QGIS map-based data-centric approach developed for Pelourinho’s
DT enables the integration of heterogeneous data—spatial, tempo-
ral, and semantic—into a central repository, ensuring consistency,
scalability, and flexibility for diverse uses of the Digital Twin.

In the case of Salvador Historic Center (Pelourinho), the data-rich
approach embedded in the Pelourinho’s DT architecture facilitated
the management and decision-making processes of managers in-
volved in the tourism economy and in the preservation of cultural
heritage assets, activities that are typically distributed over diverse
institutions.

Future work includes developing a new set of services and appli-
cations for the Salvador Historic Center (Pelourinho) for tourism
and cultural heritage, and mitigating the impact of social and cul-
tural events in Pelourinho.

In the context of tourism, we have examples such as urban heat-
island modeling, climate-risk scenarios, real-time visitor flow moni-
toring, and dynamic route recommendation systems. In the context
of cultural heritage and monument preservation, we have examples
such as facade degradation forecasting based on heat stress, digital
inventory of heritage assets, simulation of restoration scenarios,
and green areas planning and deployment.
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