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Abstract 

 

This paper aims to develop the "Heritage 4.0" conceptual model, which 

integrates digital analytics, sensor networks, and human-in-the-loop 

principles for the proactive management of cultural sites. The research is 

motivated by the limitations of traditional, reactive conservation methods 

that intervene only after visible degradation occurs. The study employs 

systemic modeling, technology analysis, and predictive analytics, utilizing 

Heritage Remaining Useful Life (HRUL) as a predictive degradation 

assessment framework. The proposed model enables continuous condition 

monitoring, simulation-based risk assessment, and preventive 

intervention planning, while ensuring that final decisions remain within 

the jurisdiction of experts. Consequently, it provides a methodological 

framework for enhancing sustainable conservation and strategic visitor 

management. Furthermore, the model facilitates digital heritage 

valorization and integration with sustainable tourism, establishing a 

foundation for future empirical research and practical application in 

cultural site management. 
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Introduction 

 

Cultural heritage represents a fundamental component of community 

identity and a key resource for sustainable tourism. However, it is 

increasingly threatened by anthropogenic pressures, climate change, and 
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natural degradation. Although traditional conservation approaches remain 

essential, they are predominantly reactive, as interventions occur only 

after visible deterioration, often resulting in irreversible loss of value and 

higher restoration costs. 

 

Recent developments within Industry 4.0, including digital twins, IoT 

sensor networks, and artificial intelligence, demonstrate significant 

potential for heritage management. However, an integrated 

methodological framework that combines predictive conservation with 

strategic tourism management remains underdeveloped. This gap 

highlights the need for a proactive approach that ensures both the 

preservation of cultural assets and the continuity of the visitor experience. 

 

In response to this gap, this paper proposes the “Heritage 4.0” conceptual 

model. The aim is to develop a systemic framework for proactive cultural 

site management based on sensor integration and predictive analytics. The 

model introduces the Heritage Remaining Useful Life (HRUL) 

framework as a tool for degradation forecasting, risk assessment, and 

decision support. 

 

Theoretical Framework 

 

Modern cultural heritage management is constrained by the limitations of 

traditional reactive maintenance models, in which interventions are 

initiated only after degradation becomes visible or structurally critical. 

This approach limits systemic risk management and leads to suboptimal 

allocation of conservation resources. In contrast, principles of minimal 

intervention and reversibility, as defined in the Venice Charter (ICOMOS, 

1964), together with contemporary World Heritage management 

guidelines (UNESCO, 2023), implicitly support a preventive paradigm 

based on early risk identification. Ashley-Smith (1999) further argues that 

the identification and quantification of degradation probability provides a 

more efficient and ethically sustainable alternative to reactive restoration. 

Consequently, the transition from static documentation toward dynamic 

systems of monitoring, analysis, and prediction becomes essential in 

contemporary heritage practice. 

 

Digital heritage documentation has evolved from 2D recording toward 3D 

modeling, photogrammetry, and Heritage Building Information 

Modelling (HBIM) systems (Murphy et al., 2009). HBIM enables the 

integration of precise geometric data with semantic information related to 
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materials, historical phases, and conservation interventions. However, 

these systems remain predominantly static and lack continuous interaction 

with the physical environment. This limitation is addressed through the 

digital twin paradigm, which integrates a physical system, a digital 

representation, and a real-time data stream (Grieves, 2014; Glaessgen & 

Stargel, 2012). Beyond visualization, its main value lies in continuous 

state synchronization, simulation capability, and predictive analytics (Tao 

et al., 2018). In cultural heritage contexts, this concept is extended into 

the Heritage Digital Twin (HDT), which integrates HBIM, sensor 

networks, and analytical models into operational tools for monitoring and 

risk management (Bruno et al., 2010). 

 

The predictive component of the model is based on the Remaining Useful 

Life (RUL) concept, originally developed in industrial systems as a 

probabilistic estimate of the time remaining until a failure threshold is 

reached (Sikorska et al., 2011), formally expressed as: 

 

RUL(t) = E[T − t | Δ(t)] 

 

where T denotes the time of failure, t the observation time, and Δ(t) 

historical condition data. In heritage contexts, failure is redefined as a 

critical degradation threshold associated with irreversible material, 

structural, or symbolic loss. Accordingly, within heritage systems, RUL is 

reinterpreted as a probabilistic estimation of the remaining time before a 

cultural asset reaches a critical degradation threshold associated with 

potential irreversible loss. 

 

A key methodological challenge in applying RUL to heritage systems is 

the “Small Data” problem. Cultural assets are unique, degradation 

processes are non-linear, and available datasets are limited and 

heterogeneous. This increases the risk of overfitting in data-driven 

models; therefore, machine learning approaches rely on transfer learning, 

local calibration, and expert validation (Bzdok & Ioannidis, 2019; Pan & 

Yang, 2010). Within this framework, Convolutional Neural Networks 

(CNNs) are used for visual pattern recognition (LeCun et al., 2015), while 

Long Short-Term Memory (LSTM) networks support temporal modeling 

of degradation processes (Hochreiter & Schmidhuber, 1997). Combined 

with a human-in-the-loop approach, AI functions as decision support, 

while final responsibility remains with conservation experts. 
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Methodological Approach and Research Conceptual Framework 

 

The study is grounded in a conceptual-theoretical approach aimed at 

developing an integrated model for the proactive management of cultural 

sites. The methodological framework comprises systemic modeling, 

comparative analysis of industrial and cultural risk management systems, 

and synthesis of existing theoretical and technological paradigms within 

the fields of digital twins, HBIM systems, and predictive maintenance. 

 

The foundation of this paper lies in identifying the structural limitations 

of reactive conservation models, followed by a theoretical reinterpretation 

of the industrial Remaining Useful Life (RUL) concept within the context 

of cultural heritage. This reinterpretation involves a normative adaptation 

of degradation indicators, whereby the technically defined notion of 

“failure” is translated into a critical degradation threshold encompassing 

material, historical, and symbolic dimensions of cultural value. The 

methodological development process is structured in three phases: (1) 

analysis of existing theoretical frameworks and technological solutions; 

(2) identification of their limitations within cultural heritage applications; 

and (3) construction of an integrated conceptual model combining the 

Heritage Digital Twin, the redefined RUL indicator, and a human-in-the-

loop decision framework for sustainable tourism management. 

 

The “Heritage 4.0” model is based on a systemic modeling methodology 

integrating digital conservation technologies, sensor infrastructures, and 

AI-based analytics. Its objective is not longitudinal performance 

certification, as in industrial systems, but methodological structuring, 

simulation-based risk assessment, and the provision of quantitative 

support for strategic decision-making. The framework integrates digital 

twin principles, predictive maintenance logic, and sustainable tourism 

pressure management into a unified operational system, enabling 

simultaneous monitoring of structural and environmental conditions. 

 

Data acquisition is performed through a multimodal sensing infrastructure. 

High-resolution LiDAR scanning generates 3D representations of cultural 

assets and detects micro-scale structural anomalies, including cracks, 

deformations, and volumetric changes. IoT sensor networks continuously 

monitor microclimatic conditions, including temperature, relative humidity, 

and pollutant concentration levels. These datasets are further 

complemented by external climate databases to enable comparative 

temporal analysis and long-term environmental impact assessment. 
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Sensor fusion is applied to normalize and synchronize heterogeneous 

geometric, microclimatic, and environmental datasets into a unified 

analytical repository, forming the basis for AI-based processing. Within 

the analytical layer, Convolutional Neural Networks (CNN) extract 

spatial structural features associated with visible degradation, while Long 

Short-Term Memory (LSTM) networks model temporal dependencies in 

environmental and structural evolution patterns. CNN-derived outputs 

primarily inform structural condition variables S, whereas LSTM-based 

outputs capture temporal dynamics contributing to microclimatic (M) and 

anthropogenic (A) components. 

 

Heritage Remaining Useful Life (HRUL) is conceptualized as a heritage-

adapted reinterpretation of the industrial Remaining Useful Life 

framework. Unlike conventional industrial RUL models focused on 

functional system failure, HRUL estimates the expected remaining time 

before a cultural asset reaches a critical degradation threshold associated 

with irreversible material, structural, or symbolic loss. Formally, the 

model is expressed as: 

 

HRUL(t) = E[Tc - t∣S(t),M(t),A(t)] 

 

where Tc denotes the projected time at which the cultural asset reaches 

the critical degradation threshold, while S(t), M (t), and A(t) represent 

structural, microclimatic, and anthropogenic variables at time t. Here, t 

denotes the current observation time at which the state of the system is 

evaluated. 

 

While HRUL represents a temporal degradation estimation, the model 

further operationalizes this estimation through a normalized probabilistic 

risk layer: 

 

RH = g(HRUL)→[0,1] 

 

where RH represents a normalized degradation risk score indicating the 

probability of transition toward a critical condition state within a defined 

temporal horizon. The decision logic is governed through predefined 

intervention thresholds, where the critical threshold (τc) is derived 

through expert calibration and statistical analysis of degradation 

distributions. When RH approaches or exceeds τc, the system transitions 

from passive monitoring toward adaptive risk mitigation. In practice, τc is 

calibrated using historical data where available, combined with expert 
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elicitation and simulation-based tuning. HRUL is obtained by 

transforming S, M, and A into normalized numerical indices, while data 

heterogeneity is resolved through preprocessing, temporal alignment, and 

feature-level fusion prior to model inference. 

 

Operationally, the framework follows a structured loop involving 

multimodal data acquisition (S, M, A), sensor fusion, AI-based feature 

extraction, computation of HRUL and RH , comparative evaluation 

against τc , and expert validation within a human-in-the-loop framework. 

This enables graded intervention strategies, including intensified 

monitoring, restricted physical access, and adaptive redistribution of 

visitor flows. 

 

To illustrate the model’s operationalization, a hypothetical fresco-

sensitive enclosed heritage site is considered. Under baseline conditions, 

multimodal inputs indicate stable structural and environmental states, 

with high HRUL values and low RH risk levels well below the 

intervention threshold τc. Under a simulated stress scenario (increased 

visitor flow +20%, rising humidity, and progressive micro-crack 

development), structural (S), microclimatic (M), and anthropogenic (A) 

indicators show deterioration trends. Accordingly, HRUL decreases over 

time, while RH increases in a non-linear manner. As RH approaches τc, 

the system transitions from a stable to a warning state, demonstrating its 

role as a predictive early-warning mechanism enabling preventive 

intervention before irreversible loss. 

 

A central principle of the framework is the human-in-the-loop paradigm, 

whereby AI-based outputs serve as decision-support tools, while final 

validation and intervention authority remain with conservation experts in 

accordance with established ethical and conservation principles. In the 

tourism domain, the model introduces the concept of digital tourist 

dispersion. When RH indicates elevated risk conditions, the system 

recommends reducing physical access and redirecting visitors toward 

digital alternatives, including virtual reconstructions, immersive 

environments, and interactive 3D models. This approach reduces 

anthropogenic pressure on physical sites, extends their functional 

preservation horizon, and maintains continuity of the visitor experience. 

Inclusivity is thereby enhanced through improved accessibility for 

individuals with mobility or sensory limitations, as well as through the 

reduction of geographical and economic barriers. 
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The proposed framework is designed for validation through scenario-

based simulations and prospective pilot implementations in selected 

heritage sites, enabling evaluation of system robustness, predictive 

accuracy, and decision-support effectiveness under controlled and real-

world operational conditions. 

 

By integrating predictive conservation mechanisms with sustainable 

tourism management, the “Heritage 4.0” model establishes a unified 

framework that transcends purely technical monitoring approaches and 

strengthens the strategic dimension of heritage governance. Positioned at 

the intersection of Industry 4.0 and Tourism 4.0 paradigms, the 

framework contributes to the long-term sustainability and resilience of 

cultural heritage systems. Figure 1 illustrates the conceptual architecture 

of the model, highlighting interactions between data acquisition, 

analytical processing, and adaptive visitor management mechanisms. 

 

Figure 1: The "Heritage 4.0" Conceptual Model 

 
Source: Author 

 

Discussion 

 

The “Heritage 4.0” model aligns preventive conservation principles, such 

as minimal intervention and reversibility (ICOMOS, 1964), with 

contemporary digital transformation frameworks in heritage management 

(UNESCO, 2023). In doing so, it supports key sustainability objectives, 
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particularly SDG 9 (Industry, Innovation, and Infrastructure) and SDG 11 

(Sustainable Cities and Communities), contributing to a transition from 

reactive to predictive and adaptive heritage governance. 

 

A central contribution of the model is the HRUL-based predictive 

framework, which enables probabilistic degradation forecasting and early 

detection of critical thresholds. Its operational relevance is reinforced 

through a context-dependent threshold (τc) and an explicit decision logic 

structure, which transforms risk estimation into actionable conservation 

governance. By integrating structural, environmental, and anthropogenic 

factors, the model conceptualizes heritage degradation as a dynamic, 

multi-dimensional process supported by continuous sensor data, 

predictive analytics, and human-in-the-loop expert oversight. 

 

Compared to static HBIM and earlier digital twin approaches, the 

framework introduces continuous data integration and a structured 

decision loop (data acquisition → fusion → AI processing → HRUL 

estimation → τc evaluation → expert validation), improving early 

anomaly detection and enabling adaptive conservation strategies (Murphy 

et al., 2009; Grieves, 2014). Overall, Heritage 4.0 integrates conservation, 

risk prediction, and tourism management into a unified adaptive 

governance framework, positioning heritage as a continuously evolving 

system rather than a static object. 

 

Conclusion 

 

The “Heritage 4.0” model represents a conceptual framework that 

integrates technological innovation, conservation principles, and 

sustainable tourism within a predictive heritage governance approach. 

The main contribution of this study lies in the development of the 

Heritage Remaining Useful Life (HRUL) framework and its integration 

with digital twin systems, predictive maintenance concepts, and a human-

in-the-loop decision-making structure for cultural heritage management. 

Although conceptually robust, the model remains theoretical and requires 

empirical validation and real-world implementation. Its applicability is 

influenced by data availability, infrastructural constraints, and 

institutional capacities, particularly in Small Data environments 

characteristic of cultural heritage systems. 

 

Future research should focus on empirical testing through pilot studies 

and the development of scalable implementation strategies for sensor-
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based and AI-supported heritage monitoring systems. Overall, the 

framework establishes a foundation for predictive, data-informed, and 

sustainability-oriented heritage governance. 
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