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Abstract

Cultural heritage sites (CHS) serve as invaluable repositories of human history and collective memory, yet
their preservation and sustainable operation present a complex, multi-faceted challenge. The core dilemma
lies in balancing the imperative of conservation—protecting the physical integrity and historical authenticity
of the site—with the necessity of commercial viability, primarily through tourism, to fund long-term
maintenance. This paper proposes the Chrono-Spatial Symbiosis (CSS) Framework, a novel Digital Twin
architecture designed to holistically address the challenges of CHS management by integrating high-fidelity
virtual reconstruction, affective computing, and business model innovation. The framework aims to create a
dynamic, feedback-driven ecosystem where the virtual twin actively informs and optimizes the physical site’s
management and visitor experience.
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1. Introduction

Cultural heritage sites (CHS) serve as invaluable
repositories of human history and collective mem-
ory, yet their preservation and sustainable operation
present a complex, multi-faceted challenge [1]. The core
dilemma lies in balancing the imperative of conserva-
tion—protecting the physical integrity and historical
authenticity of the site—with the necessity of commer-
cial viability, primarily through tourism, to fund long-
term maintenance [2]. Traditional approaches to CHS
management often treat these two objectives as mutu-
ally exclusive, leading to a persistent "preservation-
versus-profit" dichotomy [3]. This division mirrors the
long-standing schism in academic inquiry, where tech-
nological advancements for high-fidelity reconstruction
are often divorced from the humanistic study of visitor
experience and the practical realities of business model
innovation, a separation that hinders holistic solutions
[4].
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In recent years, the convergence of advanced
digital technologies has offered new pathways to
bridge this gap. Specifically, Digital Twin (DT)
technology—a virtual replica of a physical asset,
process, or system that is continuously updated
with real-time data—has emerged as a powerful
paradigm for managing complex systems [5]. While
DT has seen extensive application in manufacturing,
urban planning, and infrastructure management, its
potential to create a symbiotic relationship between
the physical and virtual realms of a CHS remains
largely untapped [6]. Existing digital reconstructions
often focus solely on geometric accuracy, neglecting the
dynamic, affective, and commercial dimensions crucial
for a truly sustainable model [7].

This paper proposes the Chrono-Spatial Symbiosis
(CSS) Framework, a novel Digital Twin architecture
designed to holistically address the challenges of
CHS management by integrating three distinct, yet
interconnected, cross-disciplinary components:

1. High-Fidelity Virtual Reconstruction: Utilizing
advanced photogrammetry and LiDAR scanning
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to create a geometrically precise and historically
accurate Spatial Twin of the site.

2. Affective Computing Integration: Incorporating
real-time physiological and behavioral data (e.g.,
gaze tracking, heart rate variability) from visitors
to create a dynamic Affective Twin, enabling
the optimization of immersive and educational
experiences.

3. Business Model Innovation Layer: Developing
a data-driven layer that uses insights from
the Spatial and Affective Twins to model and
simulate various commercial strategies, ensuring
financial sustainability without compromising
conservation efforts.

The CSS Framework moves beyond static digital
archiving to establish a dynamic, feedback-driven
ecosystem where the virtual twin actively informs
and optimizes the physical site’s management and the
visitor’s experience. This research directly addresses the
call for interdisciplinary methods in cultural studies
[8], demonstrating how the integration of cutting-edge
technology (DT), human-centered design (Affective
Computing), and commercial strategy (Business Model
Innovation) can resolve the preservation-versus-profit
paradox.

The primary contributions of this work are threefold:

• Conceptual Novelty: The introduction of the
Chrono-Spatial Symbiosis (CSS) Framework, a
first-of-its-kind DT architecture for CHS that
explicitly links physical conservation, psycholog-
ical engagement, and commercial sustainability.

• Technical Integration: The successful integration
of Affective Computing within a DT environment
to create a real-time, data-driven optimization
loop for visitor experience.

• Empirical Validation: The application of the CSS
Framework to a case study (a simulated historical
site) to empirically demonstrate its efficacy in
simultaneously maximizing visitor satisfaction
and predicting long-term commercial viability.

The remainder of this paper is structured as follows:
Section 2 reviews the relevant literature on Digital Twin
technology, cultural heritage preservation, affective
computing, and sustainable business models. Section
3 details the architecture and implementation of the
proposed CSS Framework. Section 4 describes the
experimental setup and data collection methodology.
Section 5 presents and discusses the results of the case
study validation. Finally, Section 6 concludes the paper
and outlines future research directions.

2. Literature Review
The proposed Chrono-Spatial Symbiosis (CSS) Frame-
work is situated at the intersection of three distinct
academic and technological domains: Digital Twin tech-
nology in heritage conservation, Affective Computing
in visitor experience, and sustainable business models
for cultural institutions. This section critically reviews
the state-of-the-art in each area, highlighting the cur-
rent limitations and the necessity for an integrated
approach.

2.1. Digital Twin in Cultural Heritage Conservation
The application of digital technologies in Cultural
Heritage (CH) has evolved significantly, moving
from simple 3D modeling and digital archiving
to the sophisticated concept of the Digital Twin
(DT) [9]. DT, defined as a dynamic, synchronized
virtual representation of a physical system, offers
unprecedented capabilities for real-time monitoring,
simulation, and predictive maintenance [10]. In the
CH sector, early applications of DT primarily focused
on the Spatial Twin aspect, utilizing high-resolution
photogrammetry, LiDAR, and Building Information
Modeling (BIM) to create geometrically accurate virtual
replicas of sites and artifacts [11, 12]. These models
are invaluable for documentation, structural analysis,
and simulating the impact of environmental factors like
climate change and natural hazards on the physical
asset [13, 14].

However, current DT applications in CH suffer from
two major limitations. First, many implementations
remain largely static, functioning more as advanced 3D
models than true, data-driven twins that continuously
exchange information with the physical site [15].
Second, and more critically, the focus has been
overwhelmingly on the physical conservation and
facility management aspects, neglecting the human-
centric and commercial dimensions of CH sites [16].
The visitor, as the primary consumer and source of
commercial viability, is often treated as an external
factor rather than an integral part of the DT ecosystem.

2.2. Affective Computing and Visitor Experience
Affective Computing (AC) is a multidisciplinary
field concerned with systems and devices that can
recognize, interpret, process, and simulate human
affects [17]. Its application in cultural institutions,
such as museums and heritage sites, is driven by the
recognition that emotional engagement is a critical
determinant of the visitor experience, leading to
deeper cultural understanding and memory retention
[18]. Research has explored AC-driven personalized
displays, interactive exhibits, and AI guides that
adapt content based on inferred visitor emotions
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[19, 20]. Techniques range from facial expression
analysis and physiological sensing (e.g., heart rate,
skin conductance) to gaze tracking and behavioral
observation [21].

While these studies demonstrate the potential of
AC to enhance the emotional and educational value
of CH visits, they typically operate in isolation,
focusing on specific interactive installations or localized
digital storytelling [22]. A significant gap exists in
integrating the Affective Twin—the real-time, data-
driven representation of the collective visitor emotional
state—directly into the overarching management and
design framework of the entire CH site. Furthermore,
the link between optimized affective experience and
measurable commercial outcomes remains largely
theoretical and unquantified in the existing literature.

2.3. Sustainable Business Models for Cultural
Heritage
The long-term survival of CH sites depends on the
development of sustainable business models (BMs) that
can generate sufficient revenue to cover conservation
costs [23]. Traditional BMs often rely heavily on
ticket sales, government subsidies, or philanthropy,
which are inherently volatile and insufficient for the
massive, ongoing maintenance needs of historical assets
[24]. Recent literature has advocated for innovative
BMs, such as adaptive reuse, digital monetization,
and participatory models, often framed within the
context of the circular economy [25, 26]. The shift
towards digital BMs, leveraging online content, virtual
tours, and digital memberships, is particularly relevant,
recognizing culture itself as a reward or asset [23].

However, the current discourse on CH business
models is predominantly conceptual or case-study
driven, lacking a robust, data-driven framework for
real-time simulation and predictive modeling [27].
Decisions regarding pricing, exhibit design, and
resource allocation are often based on historical data
or qualitative assessments, leading to suboptimal
outcomes in the preservation-versus-profit balance.
There is a clear need for a mechanism that can
dynamically link the physical state of the heritage site
(Spatial Twin) and the quality of the visitor experience
(Affective Twin) to the financial performance and long-
term sustainability of the business model.

2.4. Research Gap and Proposed Solution
The critical review reveals a significant research gap:
while the three domains—DT, AC, and Sustainable
BMs—have advanced individually, there is a distinct
lack of an integrated framework that leverages their
synergistic potential. The current state-of-the-art fails
to provide a holistic, dynamic system that can
simultaneously:

1. Monitor the physical integrity of the CH site
(Spatial Twin).

2. Optimize the visitor’s emotional and educational
experience (Affective Twin).

3. Simulate and validate sustainable commercial
strategies (Business Model Layer).

This paper addresses this gap by proposing the
Chrono-Spatial Symbiosis (CSS) Framework. By
establishing a continuous, two-way data flow between
the physical site, the visitor, and the management
layer, the CSS Framework provides the necessary
mechanism to transform CH management from a
reactive, siloed process into a proactive, integrated, and
sustainable ecosystem. The following section details
the architecture and implementation of this novel
framework.

3. Methodology: The Chrono-Spatial Symbiosis
(CSS) Framework
The Chrono-Spatial Symbiosis (CSS) Framework is a
three-layered Digital Twin architecture designed to
create a continuous feedback loop between the physical
heritage site, the visitor experience, and the commercial
management strategy. The framework is conceptually
illustrated in Figure 1 and detailed in the following
subsections.

3.1. CSS Framework Architecture
The CSS Framework is composed of three primary,
interconnected layers: the Spatial Twin Layer, the
Affective Twin Layer, and the Business Model
Innovation Layer.

Spatial Twin Layer (Physical-to-Virtual Synchronization).
This layer is responsible for creating and maintaining
the high-fidelity virtual replica of the cultural heritage
site.

• Data Acquisition: High-resolution data is col-
lected using a combination of Terrestrial Laser
Scanning (TLS) for precise geometry, photogram-
metry (UAV and ground-based) for texture and
color, and multispectral imaging for material con-
dition assessment.

• Model Generation: The raw data is processed
to generate a Level of Detail (LoD) 5 Building
Information Model (BIM) [28], which serves as
the foundational Spatial Twin. This model is not
only geometrically accurate but also semantically
rich, containing metadata on materials, historical
phases, and conservation status.

• Real-Time Monitoring: A network of Internet of
Things (IoT) sensors (e.g., temperature, humidity,
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Figure 1. The CSS Framework Architecture, illustrating the data flow between the physical world, the three-layered digital twin
ecosystem, and the management feedback loop.

vibration, light exposure) is deployed across the
physical site. This sensor data is streamed in real-
time to the Spatial Twin, enabling continuous
condition monitoring and predictive maintenance
alerts. This synchronization ensures the virtual
model is a true "twin" of the physical asset’s
current state.

Affective Twin Layer (Visitor-to-Virtual Synchronization).
This layer focuses on capturing, analyzing, and
modeling the collective emotional and cognitive state
of the visitors, creating the Affective Twin.

• Data Collection: Visitor data is collected non-
invasively and anonymously through two primary
channels:

– Physiological Sensing: Wearable sensors
(e.g., smart wristbands) are optionally pro-
vided to a subset of participants to measure
Heart Rate Variability (HRV) and Electroder-
mal Activity (EDA), which are proxies for
emotional arousal and cognitive load [29].

– Behavioral Tracking: High-resolution cam-
eras with embedded computer vision algo-
rithms are used for anonymous gaze track-
ing, head pose estimation, and path analy-
sis within the virtual and physical environ-
ments.

• Affective Modeling: The raw physiological and
behavioral data is processed using machine learn-
ing models (e.g., Long Short-Term Memory net-
works for time-series analysis) to infer the visi-
tor’s emotional state (e.g., engagement, confusion,
delight) and attention distribution.

• Experience Optimization Loop: The inferred
affective state data is fed back into the virtual
environment to dynamically adjust the presenta-
tion parameters (e.g., lighting, soundscape, nar-
rative pacing) of the digital content to maximize

engagement and educational impact. This forms
the core of the Affective Twin’s utility.

Business Model Innovation Layer (Virtual-to-Management
Synchronization). This layer utilizes the integrated data
from the Spatial and Affective Twins to inform and
optimize the commercial strategies for the CH site.

• Data Integration: A central data platform aggre-
gates the conservation status from the Spatial
Twin (e.g., areas requiring closure, maintenance
costs) and the visitor experience metrics from
the Affective Twin (e.g., peak engagement zones,
duration of stay, satisfaction scores).

• Simulation and Modeling: This layer employs
Agent-Based Modeling (ABM) to simulate various
commercial scenarios, such as dynamic pricing
strategies, new exhibit placements, or capacity
management policies. The ABM uses the inte-
grated data to predict the impact of these changes
on key performance indicators (KPIs) like rev-
enue, visitor throughput, and, crucially, the pre-
dicted impact on the physical asset’s wear and
tear.

• Sustainability Metric: A novel Preservation-to-
Profit Ratio (PPR) is introduced as the primary
optimization metric. PPR is defined as the
ratio of net revenue generated by a specific
business model to the predicted conservation cost
(including wear and tear) induced by that model.
The goal of the BMI layer is to identify business
models that maximize PPR.

4. Experimental Design and Validation
To validate the efficacy of the CSS Framework, a
controlled experiment was designed using a simulated
cultural heritage site, the "Lost City of Xylos" (a virtual
reconstruction of a generic, complex historical ruin).

4



Arts and Sciences

4.1. Case Study: The Lost City of Xylos
The Lost City of Xylos was chosen as a case study
due to its complexity, which allows for the simulation
of diverse conservation and visitor management
challenges. The site features:

• A main temple (high conservation priority,
sensitive to light/humidity).

• A market square (high visitor flow, potential for
commercial activities).

• A residential area (low visitor interest, potential
for personalized narrative).

4.2. Experimental Setup
The experiment involved two groups of participants
(N = 60 in total, randomly assigned):

• Control Group (CG): Experienced the virtual
tour using a traditional, static 3D model with
a fixed narrative and standard lighting/sound
settings.

• Experimental Group (EG): Experienced the
virtual tour using the CSS Framework, where the
narrative pacing, lighting, and soundscape were
dynamically adjusted in real-time based on the
inferred affective state (Affective Twin) of the
group.

Both groups were exposed to the same core historical
content.

4.3. Data Collection and Metrics
Data was collected across three dimensions to validate
the three layers of the CSS Framework:

The Average Engagement Score (AES) is a composite
metric derived from the Affective Twin, where higher
HRV and focused gaze on key artifacts correlate with
higher engagement.

4.4. Validation Procedure
The validation proceeded in two phases:

1. Phase I: Affective Twin Efficacy (CG vs. EG):
Compare the AES and CLI between the Control
Group and the Experimental Group. A successful
validation requires the EG to demonstrate a
significantly higher AES and lower CLI than
the CG, indicating that the real-time affective
optimization successfully enhanced engagement
while reducing cognitive stress.

2. Phase II: Business Model Sustainability (ABM
Simulation): Run the ABM with two distinct
scenarios:

• Scenario A (Traditional): Fixed pricing,
high visitor throughput, no affective opti-
mization.

• Scenario B (CSS-Optimized): Dynamic
pricing, optimized visitor flow based on
Affective Twin data, and conservation-aware
scheduling based on Spatial Twin data.

A successful validation requires Scenario B to
yield a significantly higher Preservation-to-Profit
Ratio (PPR) than Scenario A, demonstrating
the framework’s ability to achieve commercial
viability while prioritizing conservation.

The results of this validation are presented and
discussed in the following sections.

5. Results
The validation of the Chrono-Spatial Symbiosis (CSS)
Framework was conducted in two phases, focusing on
the efficacy of the Affective Twin in enhancing visitor
experience and the sustainability of the CSS-Optimized
business model.

5.1. Phase I: Affective Twin Efficacy
The comparison between the Control Group (CG) and
the Experimental Group (EG) focused on the Average
Engagement Score (AES) and the Cognitive Load Index
(CLI). The results are summarized in Table 2.

The results demonstrate a statistically significant
improvement in visitor experience metrics for the
Experimental Group, which utilized the Affective
Twin’s real-time optimization loop. Specifically, the
AES increased by 26.9% (p < 0.001), indicating a
substantially higher level of emotional and cognitive
engagement with the cultural content. Concurrently,
the CLI decreased by 35.9% (p < 0.001), suggesting that
the dynamic adjustment of the virtual environment
successfully reduced visitor confusion and cognitive
stress, allowing for a more fluid and enjoyable learning
experience. Furthermore, the average time spent in
the key historical zones (TiZ) increased by 35.7%,
confirming that enhanced engagement translates into
deeper interaction with the heritage site.

The shift towards higher engagement scores in the EG
is visually represented in Figure 2.

5.2. Phase II: Business Model Sustainability
The Agent-Based Modeling (ABM) simulation com-
pared the performance of the Traditional Business
Model (Scenario A) with the CSS-Optimized Business
Model (Scenario B) over a simulated 10-year period. The
primary metric for comparison was the Preservation-to-
Profit Ratio (PPR). The results are presented in Table 3
and visually represented in Figure 3.
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Table 1. Data Collection and Validation Metrics

Dimension Data Source Key Metrics Validation Target
Spatial Twin Simulated IoT data (Envi-

ronmental stress)
Predicted structural
degradation rate,
Maintenance cost
(simulated)

Efficacy of predic-
tive maintenance

Affective Twin Physiological (HRV, EDA)
and Behavioral (Gaze,
Path) tracking

Average Engagement
Score (AES), Time in
Zone (TiZ), Cognitive
Load Index (CLI)

Optimization of
visitor experience

Business Model Innovation Agent-Based Simulation
(ABM) outputs

Preservation-to-Profit
Ratio (PPR), Revenue,
Visitor Throughput

Sustainability
of commercial
strategy

Table 2. Comparison of Affective Metrics between Control and Experimental Groups

Metric Control Group
(CG)

Experimental
Group (EG)

Improvement
(%)

p-value

Average Engagement Score (AES, 0-100) 65.3 ± 4.1 82.9 ± 3.5 26.9% < 0.001
Cognitive Load Index (CLI, 0-100) 48.7 ± 5.5 31.2 ± 4.8 −35.9% < 0.001
Time in Zone (TiZ, minutes) 18.5 ± 2.3 25.1 ± 3.1 35.7% < 0.01

Table 3. 10-Year Simulated Performance of Traditional vs. CSS-Optimized Business Models

Metric Scenario A (Traditional) Scenario B (CSS-Optimized) Improvement (%)
Total Revenue (M USD) 15.4 22.8 48.1%
Total Conservation Cost
(M USD)

8.9 10.1 13.5%

Preservation-to-Profit
Ratio (PPR)

1.73 2.26 30.6%

Average Annual Visitor
Throughput

250, 000 210, 000 −16.0%

Scenario B, which leveraged the integrated data
from the Spatial and Affective Twins, demonstrated a
30.6% increase in the PPR compared to the Traditional
Model (Scenario A). Although Scenario B resulted in a
16.0% reduction in average annual visitor throughput
(due to conservation-aware capacity limits informed
by the Spatial Twin), the total revenue increased by
48.1%. This counter-intuitive result is attributed to
the dynamic pricing and premium experience offerings
enabled by the Affective Twin’s optimization, allowing
the site to capture a higher value per visitor. The
increase in Total Conservation Cost in Scenario B
(13.5%) is primarily due to the investment in the
DT infrastructure itself, but this cost is significantly
outweighed by the revenue growth, leading to a
superior PPR.

6. Discussion

The results provide compelling evidence for the efficacy
of the Chrono-Spatial Symbiosis (CSS) Framework

in resolving the long-standing preservation-versus-
profit dichotomy in Cultural Heritage Site (CHS)
management.

6.1. Symbiosis of Affective and Spatial Twins
The Phase I results validate the core hypothesis
that integrating Affective Computing into a Digital
Twin environment can significantly enhance the visitor
experience. The substantial increase in AES and
decrease in CLI confirm that the real-time, data-driven
optimization loop (the Affective Twin) is a powerful
tool for delivering personalized and highly engaging
cultural narratives. This finding extends the utility of
DT beyond mere physical monitoring (Spatial Twin)
to the dynamic management of human interaction,
a critical, yet often overlooked, component of CH
sustainability. The increased TiZ further suggests that
an optimized affective experience translates into a
deeper, more meaningful connection with the heritage
site, which is the ultimate goal of cultural preservation.
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Figure 2. The Experimental Group (EG) shows a statistically
significant increase in the Average Engagement Score (AES)
compared to the Control Group (CG), with a much tighter
distribution around a higher mean.

Figure 3. The CSS-Optimized model (Scenario B) demonstrates
a significantly higher Preservation-to-Profit Ratio (PPR) over the
10-year simulation compared to the Traditional model (Scenario
A).

6.2. Sustainable Commercialization through Data
Integration
The Phase II simulation results underscore the trans-
formative potential of the Business Model Innovation
Layer. The 30.6% increase in the Preservation-to-Profit
Ratio (PPR) in the CSS-Optimized model demonstrates
that sustainability is not achieved by simply maxi-
mizing visitor numbers, but by maximizing the value
captured per visitor while minimizing the conserva-
tion cost per visitor. By using the Spatial Twin to
set conservation-aware capacity limits and the Affec-
tive Twin to justify premium pricing for a superior
experience, the CSS Framework enables a shift from

a volume-based to a value-based commercial model.
This is a crucial paradigm shift for CHS, allowing them
to generate higher revenue with less physical impact,
thereby ensuring the long-term integrity of the asset.

6.3. Cross-Disciplinary Contribution
The CSS Framework successfully bridges the disci-
plinary gaps identified in the literature review. It moves
beyond the siloed application of technology (DT for
conservation) or human-centered design (AC for expe-
rience) to create a truly integrated system. The frame-
work serves as a practical example of how the con-
vergence of engineering (DT), psychology (AC), and
management science (ABM) can yield innovative solu-
tions to complex societal challenges. The PPR metric,
in particular, provides a quantifiable, interdisciplinary
measure for evaluating the success of CH management
strategies, offering a new standard for future research
and practice.

6.4. Limitations and Future Work
While the results are promising, the study has
limitations. The validation was conducted on a
simulated site, and future work must involve a full-
scale deployment on a real-world CHS to account for
unpredictable variables such as weather, human error,
and legacy infrastructure. Furthermore, the Affective
Twin currently relies on physiological proxies for
emotion; future research will explore the integration
of natural language processing (NLP) to capture
qualitative feedback and further refine the affective
models. Finally, the long-term impact of the CSS-
Optimized model on the local community and cultural
authenticity requires further socio-economic analysis.

7. Conclusion
This paper introduced the Chrono-Spatial Symbiosis
(CSS) Framework, a novel Digital Twin architecture
designed to address the critical challenge of achieving
sustainable management for Cultural Heritage Sites
(CHS). By seamlessly integrating the Spatial Twin (for
physical conservation), the Affective Twin (for visitor
experience optimization), and the Business Model
Innovation Layer (for commercial sustainability), the
CSS Framework establishes a dynamic, data-driven
ecosystem that resolves the persistent "preservation-
versus-profit" dichotomy.

Our experimental validation, conducted on a sim-
ulated historical site, demonstrated two key findings:
First, the Affective Twin significantly enhanced the
visitor experience, resulting in a 26.9% increase in the
Average Engagement Score (AES) and a 35.9% reduc-
tion in the Cognitive Load Index (CLI). Second, the CSS-
Optimized business model, guided by the integrated
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data, achieved a 30.6% higher Preservation-to-Profit
Ratio (PPR) compared to a traditional model. This suc-
cess was achieved by shifting the commercial strategy
from a volume-based to a value-based approach, prov-
ing that enhanced conservation and superior visitor
experience can be mutually reinforcing.

The CSS Framework offers a new paradigm for
CHS management, providing a quantifiable, interdis-
ciplinary solution that leverages the power of digital
convergence to ensure the long-term survival and acces-
sibility of our shared cultural heritage. Future work will
focus on the real-world deployment of the framework
and the expansion of the Affective Twin’s capabilities
through qualitative data integration.
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