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Abstract  

The present study aimed to investigate the role of Augmented/Virtual Reality (AR/VR), Digital Twin systems, and Edge 

Computing in improving smart urban resource management, waste management optimization, intelligent transportation 

performance, environmental sustainability, and citizen satisfaction in Tehran. This study employed a mixed-methods 

exploratory-sequential design with qualitative and quantitative phases. In the qualitative stage, semi-structured interviews were 

conducted with 18 experts in smart city technologies, urban planning, transportation systems, environmental management, and 

digital infrastructure using purposive sampling until theoretical saturation was achieved. The qualitative findings were used to 

design a researcher-developed questionnaire containing 52 items distributed across dimensions including AR/VR applications, 

Digital Twin integration, Edge Computing efficiency, smart waste management, transportation performance, environmental 

sustainability, operational responsiveness, and citizen satisfaction. In the quantitative phase, 384 managers, urban planners, 

transportation experts, and municipal technology specialists from Tehran Municipality were selected through stratified random 

sampling. Content validity was confirmed through expert review, while construct validity was examined using exploratory and 

confirmatory factor analyses. Reliability coefficients exceeded 0.70 for all variables. Data were analyzed using SPSS-27 and 

AMOS-26 through descriptive statistics, Pearson correlation analysis, multiple regression, confirmatory factor analysis, and 

structural equation modeling. The results demonstrated significant positive relationships among all research variables at the 

0.01 significance level. Digital Twin Integration had the strongest direct effect on Smart Urban Management Efficiency (β = 0.36, 

p = 0.001), followed by Edge Computing Efficiency (β = 0.33, p = 0.001) and AR/VR Applications (β = 0.29, p = 0.001). Smart 

Urban Management Efficiency significantly predicted Environmental Sustainability (β = 0.42, p = 0.001) and Citizen Satisfaction 

(β = 0.39, p = 0.001). The strongest correlation was observed between Edge Computing Efficiency and Operational 

Responsiveness (r = 0.78, p < 0.01). The structural equation model demonstrated acceptable fit indices (χ2/df = 2.11, RMSEA = 

0.054, GFI = 0.93, AGFI = 0.91, CFI = 0.95, TLI = 0.94), confirming the adequacy of the proposed conceptual framework. The 

findings indicate that the integration of AR/VR technologies, Digital Twin systems, and Edge Computing infrastructures 

substantially enhances smart urban governance by improving operational efficiency, transportation management, waste 

management optimization, environmental sustainability, and citizen-centered service delivery. The study highlights the 

strategic importance of interoperable digital ecosystems and real-time intelligent infrastructures in supporting sustainable and 

resilient urban development in metropolitan environments. 
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1. Introduction 

The accelerated transformation of contemporary cities into data-intensive, service-oriented, and sustainability-driven 

systems has created a new technological agenda for urban management. Rapid urbanization, climate pressure, infrastructure 

congestion, resource scarcity, environmental degradation, and the increasing complexity of municipal services have made 

traditional models of urban governance insufficient for managing the dynamic interactions among citizens, infrastructure, 

mobility systems, energy flows, waste streams, and environmental risks. In this context, smart city development has shifted 

from the simple digitization of services toward integrated cyber-physical ecosystems in which physical urban assets are 

continuously monitored, modeled, simulated, and optimized through advanced digital technologies. Augmented Reality and 

Virtual Reality (AR/VR), Digital Twin systems, and Edge Computing have become central components of this transformation 

because they allow urban managers to visualize complex environments, simulate future scenarios, process real-time data near 

its source, and support faster, more adaptive decision-making (Campo et al., 2024; Gao et al., 2024; Meng et al., 2025; 

Singh et al., 2025). The convergence of these technologies is particularly important in smart urban resource management, 

waste management, and transportation, where operational efficiency, environmental sustainability, and citizen-centered service 

delivery depend on accurate data, predictive analytics, spatial intelligence, and interactive visualization. 

Smart cities are increasingly understood as interconnected digital ecosystems rather than isolated technological projects. 

Foundational discussions on smart cities emphasize that digital transformation contributes to the digital economy by integrating 

urban infrastructure, governance platforms, data analytics, and service innovation into a coordinated decision-support 

environment (Pedro, 2023). This view has been extended by research on the Internet of Things (IoT), which shows that 

emerging IoT applications create new possibilities for sensing, connectivity, automation, and intelligent service delivery across 

urban domains (Rangarajan & Al‐Quraishi, 2023). In parallel, the next generation of smart city development is being shaped 

by advanced connectivity infrastructures such as 6G, which can support ultra-low latency communication, massive device 

connectivity, and high-capacity data exchange for real-time urban systems (Murroni et al., 2023). These technological 

foundations make it possible to move from reactive urban management to proactive, predictive, and adaptive management, 

particularly when physical infrastructure is linked to digital models, immersive interfaces, and distributed computational 

architectures. 

Digital Twin technology occupies a central position in this emerging paradigm. A digital twin can be understood as a 

dynamic digital representation of a physical object, infrastructure system, urban process, or entire city environment that is 

continuously updated through data flows from sensors, IoT devices, operational systems, and analytics platforms. In urban 

governance, digital twins provide a foundation for monitoring infrastructure status, modeling service flows, predicting system 

behavior, and evaluating the effects of policy or operational interventions before they are implemented in real space. Studies 

on digital twin-based smart city platforms demonstrate that such systems can support monitoring and decision-making by 

integrating urban data into actionable representations of city functions (Dani et al., 2023). Similarly, reviews of digital twins 

as frameworks for IoT applications indicate that digital twins can connect sensing networks and computational models, 

allowing urban managers to interpret complex data streams and transform them into operational intelligence (Mudiyanselage 

& Sellahewa, 2023). Earlier work on digital twins of urban ecosystems also highlights their relevance for improving quality 

of life by enabling more responsive, evidence-based, and citizen-oriented urban services (Mukhacheva et al., 2022). 

The value of Digital Twin technology becomes especially evident when applied to sustainability planning and governance. 

Combining digital twins with green metrics enables urban decision-makers to evaluate sustainability performance, compare 

alternative planning scenarios, and integrate environmental indicators into the management of smart buildings and cities 

(Corrado et al., 2022). Digital twins can also contribute to the transition toward more sustainable and resilient built 

environments by improving lifecycle monitoring, asset management, and data-based planning. Research on building 

information modeling (BIM) evolution across lifecycle stages demonstrates that digital modeling tools increasingly function 

as knowledge infrastructures that support design, construction, operation, maintenance, and eventual transformation of 
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buildings and urban assets (Kuai et al., 2023). Likewise, the synchronization of information flows throughout the building 

lifecycle is necessary for maintaining continuity between design data, operational data, maintenance processes, and decision-

making systems (Raitviir & Lill, 2024). These insights are highly relevant to smart urban resource management because cities 

require continuous alignment between physical infrastructure, digital information flows, and managerial decisions. 

Augmented Reality and Virtual Reality technologies add an immersive and interactive layer to smart city management. AR 

can overlay digital information onto physical environments, while VR can create fully simulated environments for planning, 

training, visualization, and stakeholder engagement. In urban management, these technologies allow planners, engineers, 

decision-makers, and citizens to experience proposed interventions, infrastructure changes, traffic scenarios, environmental 

risks, or service configurations before they are implemented. Research on immersive technology and BIM for sustainable smart 

cities emphasizes that AR/VR can enhance spatial understanding, improve collaboration among stakeholders, and support 

sustainability-oriented design and planning (Liu et al., 2024). Similarly, extended reality has been identified as a catalyst for 

circular economy transition in the built environment because it can visualize material flows, support adaptive reuse planning, 

improve stakeholder awareness, and facilitate more sustainable lifecycle decisions (Soman et al., 2024). In this respect, 

immersive technologies are not merely visualization tools; they are decision-support instruments that can improve the cognitive 

accessibility of complex urban data and support more participatory forms of smart governance. 

The connection between immersive environments and the broader city metaverse further expands the conceptual scope of 

AR/VR applications. Spatial data intelligence and the city metaverse provide a framework for integrating geospatial 

information, real-time sensing, virtual environments, and interactive urban simulations into a unified digital experience (Meng 

et al., 2025). The metaverse and artificial intelligence can also support the Internet of City Things by combining XReality, 

AIoT, and cost-effective interactive technologies to create new forms of urban experience, service design, and data-driven 

governance (Bibri & Jagatheesaperumal, 2023). However, the urban implications of the metaverse are not purely technical. 

Ethical, social, and economic considerations remain central, particularly regarding privacy, exclusion, data ownership, 

governance accountability, and unequal access to digital urban services (Tiwari, 2024). The metaverse may offer new 

instruments for urban planning, but its promises must be assessed critically to avoid technological determinism and unfulfilled 

expectations (Nenković-Riznić, 2023). Therefore, AR/VR and metaverse-based smart city systems should be evaluated not 

only according to technical feasibility but also according to their contribution to inclusive, sustainable, and equitable urban 

development. 

Edge Computing provides another essential technological layer for smart urban systems. While cloud computing remains 

important for large-scale storage and analytics, many smart city applications require real-time or near-real-time responses that 

cannot rely exclusively on centralized processing. Edge Computing processes data closer to the point of generation, thereby 

reducing latency, lowering bandwidth pressure, improving local responsiveness, and supporting time-sensitive urban 

operations. This is particularly important for intelligent transportation systems, waste collection routing, energy monitoring, 

public safety, and infrastructure maintenance. Research on resource-constrained extended reality operated with digital twins in 

industrial IoT demonstrates that the integration of XR, digital twins, and distributed computing can support real-time interaction 

even under computational and communication constraints (Kamdjou et al., 2024). In addition, cloud-based digital twin 

systems have already been used in urban contexts such as intelligent lighting design in historic landscape blocks, showing the 

potential of computational platforms to manage urban environmental quality and infrastructure performance (Wei et al., 2023). 

Together, cloud, edge, and digital twin architectures create a layered computational ecosystem in which real-time sensing, 

simulation, visualization, and operational control can be coordinated. 

One of the most important application domains for these technologies is urban waste management. Conventional waste 

management systems often suffer from inefficient collection routes, delayed monitoring, limited citizen feedback, poor 

forecasting, and insufficient integration with environmental indicators. Smart waste management aims to address these 

limitations through sensors, IoT platforms, predictive analytics, automation, and data-based decision-making. Waste 

Management 2.0 research demonstrates that IoT-enabled systems can support more efficient and eco-friendly smart city 

solutions by improving waste monitoring, collection optimization, and operational sustainability (Addas et al., 2024). Digital 

Twin implementation in waste management can further improve production and service systems by creating dynamic models 
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of waste flows, service performance, and operational bottlenecks (Barbosa et al., 2023). These developments are closely 

connected to circular economy objectives because waste management is no longer treated simply as disposal, but as part of a 

broader urban resource cycle involving reduction, reuse, recycling, recovery, and environmental accountability. Digital 

technologies have been identified as key enablers of circular economy practices, providing tools for tracking resources, 

optimizing processes, and supporting sustainability-oriented business and governance models (Chi et al., 2023). A broader 

classification of digital technologies also confirms their links to circular economy transitions by showing how different 

technologies contribute to data collection, traceability, process optimization, resource efficiency, and systemic transformation 

(Piedra‐Muñoz et al., 2025). 

Transportation is another major field in which AR/VR, Digital Twin systems, and Edge Computing can transform urban 

management. Urban transportation systems generate large volumes of real-time data from vehicles, roads, traffic signals, 

mobile devices, public transport systems, cameras, and environmental sensors. Digital twins can model transportation networks, 

simulate congestion patterns, evaluate infrastructure interventions, and optimize traffic management strategies. Digital twin-

enabled Internet of Vehicles applications show that the integration of digital representations with connected vehicles can 

improve intelligent mobility, traffic coordination, safety, and transportation efficiency (Gao et al., 2024). AR/VR can also 

improve transportation planning by visualizing traffic scenarios, infrastructure redesigns, pedestrian flows, and transit-oriented 

development alternatives. Edge Computing is especially relevant in this domain because transportation systems require low-

latency processing for real-time route optimization, incident detection, vehicle communication, and adaptive traffic control. 

When integrated, these technologies can support a shift from fragmented traffic management toward intelligent, predictive, and 

multimodal urban mobility governance. 

The smart urban resource management dimension extends beyond waste and transportation to include energy, water, 

infrastructure, public spaces, environmental assets, and municipal service capacities. Digital twin-based platforms can integrate 

these domains into cross-sectoral decision-support systems. Cross-domain interoperability is crucial because urban challenges 

rarely remain confined to a single sector; transportation affects air quality, waste collection affects mobility, energy systems 

affect emissions, and infrastructure maintenance affects public safety. Research on virtual reality and IoT-based digital twins 

for smart city cross-domain interoperability demonstrates that combined immersive and sensing technologies can improve 

coordination among urban domains and support more integrated decision-making (Campo et al., 2024). Interoperability is 

also important for twin-transition strategies in cities, where digital transformation and sustainability transition must be aligned 

through platforms capable of integrating BIM, urban data, and sustainability planning. A Delphi-based roadmap for 

Mediterranean cities shows that BIM 6D can function as an interoperable platform for sustainable urban development and twin 

transition (Jaafari, 2025). Such approaches are directly relevant to metropolitan contexts where infrastructure complexity, 

environmental constraints, and governance fragmentation require integrated data environments. 

Smart city development also requires attention to organizational, social, and human dimensions. Technology alone cannot 

guarantee urban sustainability or managerial efficiency unless it is embedded in inclusive governance, institutional capacity, 

and stakeholder collaboration. Innovation intermediaries can contribute to inclusive smart cities by connecting technological 

innovation with social needs, policy structures, and participatory mechanisms (Lepore et al., 2023). The blending of 

humanware, software, and hardware in smart city design similarly emphasizes that smart urban systems must combine technical 

infrastructures with human expertise, institutional learning, and social acceptance (Almusaed & Almssad, 2023). In the built 

environment, the integration of architecture, engineering, and construction practices into Industry 6.0 further suggests that  

smart and sustainable future-built environments require collaboration between digital technologies, environmental goals, and 

human-centered design principles (Almusaed et al., 2023). These perspectives are essential because AR/VR, Digital Twin, 

and Edge Computing applications will succeed only if urban stakeholders understand them, trust them, and are able to use them 

effectively in planning, operations, and service delivery. 

Recent research on artificial intelligence, data analytics, and visualization further strengthens the case for integrating 

advanced digital systems into urban management. AI and machine learning can enhance data analytics and visualization in 

database management with digital twins by enabling more accurate interpretation of complex datasets, predictive modeling, 

and decision-support processes (Singh et al., 2025). In architecture, engineering, and construction, leading-edge AI, IoT, and 
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big data technologies have been associated with smart and sustainable practices, although challenges remain in interoperability, 

data quality, technical skills, privacy, and organizational readiness (Rane et al., 2023). A broader review of leading-edge 

technologies for architectural design similarly indicates that digital innovations are reshaping design, simulation, visualization, 

and performance evaluation processes across built environment practices (Rane, 2023). These advances are relevant to smart 

city management because municipal decision-making increasingly depends on the ability to transform large, heterogeneous, 

and real-time datasets into usable knowledge. 

Despite the promise of emerging digital technologies, several challenges remain unresolved. The industrial metaverse 

literature highlights environmental impacts and implementation challenges, including energy consumption, infrastructure 

demands, technical complexity, and governance concerns (S. M. Nleya & M. Velempini, 2024). The preprint version of this 

work similarly emphasizes that the environmental and operational implications of industrial metaverse systems must be 

examined carefully before large-scale adoption (S. Nleya & M. Velempini, 2024). Business ecosystem research on the 

metaverse also shows that value creation depends on complex interactions among platforms, users, service providers, data 

infrastructures, and regulatory frameworks (Kontogianni & Ανθόπουλος, 2024). In addition, thematic analysis of 3D 

printing and smart cities demonstrates that emerging technologies can contribute to smarter urban development, but their 

implementation requires attention to infrastructure readiness, governance models, sustainability outcomes, and long-term urban 

value (Prasittisopin, 2024). Conference and topical-track research in IoT and smart city domains also indicates that 

technological innovation is fragmented across vertical sectors, making interdisciplinary integration necessary for coherent 

smart city strategies (Filipovic & Stüttgen, 2023). These challenges show that the application of AR/VR, Digital Twin, and 

Edge Computing in urban management must be studied through an integrated framework rather than as separate technological 

interventions. 

In metropolitan cities such as Tehran, the need for integrated smart urban technologies is particularly significant. Tehran 

faces complex challenges related to traffic congestion, air pollution, waste generation, uneven resource distribution, 

infrastructure pressure, and the need for responsive municipal governance. Technologies such as AR/VR, Digital Twin systems, 

and Edge Computing can provide new tools for understanding and managing these challenges by improving real-time 

monitoring, simulation-based planning, predictive decision-making, operational coordination, and stakeholder engagement. 

However, empirical research is still needed to clarify how these technologies contribute specifically to resource management, 

waste management, and transportation outcomes in the urban governance context. While existing literature has examined digital 

twins, immersive environments, IoT, AI, circular economy, metaverse systems, and smart city platforms, fewer studies have 

integrated these technologies into a unified model of smart urban management efficiency and sustainability. Therefore, the 

present study was conducted to examine the applications of AR/VR, Digital Twin, and Edge Computing in smart urban resource 

management, waste management, and transportation in Tehran and to evaluate their contribution to smart urban management 

efficiency, environmental sustainability, and citizen satisfaction. 

2. Methods and Materials 

The present study was conducted using a mixed-methods applied research design with an exploratory-sequential approach 

in the context of smart urban management in Tehran. In the qualitative phase, the study aimed to identify the major dimensions, 

indicators, and practical applications of Augmented Reality (AR), Virtual Reality (VR), Digital Twin technology, and Edge 

Computing in urban resource management, waste management systems, and intelligent transportation infrastructures. The 

statistical population in the qualitative section consisted of university professors in smart city studies, urban planners, 

transportation engineers, municipal technology experts, environmental management specialists, and information technology 

professionals working in Tehran Municipality and smart infrastructure companies. Using purposive sampling and the 

theoretical saturation principle, 18 experts were selected for semi-structured interviews. The inclusion criteria included at least 

five years of professional or academic experience in smart city technologies, urban digital infrastructure, or intelligent 

transportation systems. The interviews were conducted until data saturation was achieved and no new conceptual themes 

emerged. In the quantitative phase, the study employed a descriptive-correlational survey design to validate the proposed 

conceptual model and investigate the relationships among the identified variables. The statistical population consisted of 
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managers, technical experts, urban planners, transportation analysts, and employees involved in smart city projects across 

different districts of Tehran Municipality. Based on Cochran’s sample size formula and considering the size of the target 

population, a sample of 384 participants was selected using stratified random sampling proportional to organizational units. 

The participants were recruited from departments associated with urban services, transportation, environmental management, 

digital infrastructure, and smart governance systems in Tehran. 

Data collection was conducted using both qualitative and quantitative instruments. In the qualitative phase, semi-structured 

interviews were designed based on previous literature related to AR/VR technologies, Digital Twin systems, Edge Computing, 

smart transportation, urban sustainability, and intelligent waste management. The interview protocol included open-ended 

questions regarding technological capabilities, implementation barriers, infrastructure readiness, operational efficiency, 

environmental sustainability, urban monitoring, citizen engagement, and future development opportunities in smart urban 

ecosystems. The interviews lasted between 45 and 75 minutes and were recorded with participant consent. After transcription, 

the interview data were analyzed using thematic analysis and open, axial, and selective coding procedures. In the quantitative 

phase, a researcher-developed questionnaire was designed according to the findings of the qualitative stage and existing 

theoretical foundations in smart city research. The questionnaire consisted of 52 items distributed across several dimensions, 

including AR/VR applications in urban visualization and decision-making, Digital Twin integration in urban simulation and 

infrastructure monitoring, Edge Computing efficiency in real-time data processing, smart waste management optimization, 

intelligent transportation performance, urban resource allocation, environmental sustainability, operational responsiveness, and 

citizen satisfaction. The questionnaire items were scored using a five-point Likert scale ranging from strongly disagree to 

strongly agree. Content validity was assessed through expert review by 12 specialists in urban technology and smart city 

governance, and the Content Validity Ratio (CVR) and Content Validity Index (CVI) confirmed the adequacy of the instrument. 

Construct validity was evaluated through exploratory and confirmatory factor analyses. Reliability was examined using 

Cronbach’s alpha coefficients and composite reliability indices, all of which exceeded the acceptable threshold of 0.70, 

indicating satisfactory internal consistency. 

The collected data were analyzed using both qualitative and quantitative analytical techniques. In the qualitative phase, 

MAXQDA software was employed for coding, categorization, and extraction of conceptual themes from interview transcripts. 

In the quantitative phase, SPSS-27 and AMOS-26 software packages were used for statistical analysis and structural modeling. 

Descriptive statistics including means, standard deviations, skewness, and kurtosis values were calculated to examine the 

distribution of the variables. Inferential analyses included Pearson correlation analysis, multiple regression analysis, 

exploratory factor analysis, confirmatory factor analysis, and structural equation modeling to test the proposed conceptual 

framework and the causal relationships among the variables. Model fit was evaluated using indices such as Chi-square/df ratio, 

RMSEA, GFI, AGFI, CFI, IFI, and TLI. In addition, mediation and indirect effect analyses were conducted to investigate the 

intermediary role of intelligent infrastructure integration between emerging digital technologies and urban management 

efficiency. Statistical significance was considered at the 0.05 level for all inferential analyses. 

3. Findings and Results 

The demographic analysis indicated that among the 384 participants, 247 individuals (64.3%) were male and 137 individuals 

(35.7%) were female. Regarding educational level, 72 participants (18.8%) held bachelor’s degrees, 221 participants (57.6%) 

held master’s degrees, and 91 participants (23.7%) possessed doctoral qualifications. In terms of organizational affiliation, 

34.1% of respondents were employed in transportation management sectors, 27.6% in urban environmental and waste 

management departments, 21.9% in smart infrastructure and digital governance units, and 16.4% in urban planning and 

municipal strategic development divisions. The mean professional experience of the respondents was 11.84 years with a 

standard deviation of 4.92 years, indicating that the majority of participants possessed substantial practical expertise in smart 

urban systems and technology-oriented municipal operations. Furthermore, approximately 69% of the respondents reported 

previous experience with smart urban technologies, simulation systems, or data-driven urban management platforms, reflecting 

an appropriate level of familiarity with the concepts investigated in the present study. 
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Table 1. Descriptive Statistics of Research Variables 

Variables Mean Standard Deviation Skewness Kurtosis Minimum Maximum 

AR/VR Applications in Urban Management 4.12 0.71 -0.48 -0.21 1.89 5.00 

Digital Twin Integration 4.25 0.68 -0.54 0.16 2.03 5.00 

Edge Computing Efficiency 4.07 0.74 -0.39 -0.34 1.76 5.00 

Smart Waste Management Optimization 3.98 0.77 -0.27 -0.41 1.62 5.00 

Intelligent Transportation Performance 4.19 0.69 -0.45 -0.18 1.94 5.00 

Urban Resource Allocation Efficiency 4.10 0.73 -0.31 -0.27 1.87 5.00 

Environmental Sustainability 4.16 0.70 -0.52 0.09 2.01 5.00 

Operational Responsiveness 4.04 0.75 -0.29 -0.36 1.70 5.00 

Citizen Satisfaction 3.91 0.81 -0.18 -0.47 1.55 5.00 

 

The descriptive findings presented in Table 1 demonstrate that the participants generally reported high levels of agreement 

regarding the effectiveness and applicability of emerging digital technologies in smart urban management systems. Among the 

studied variables, Digital Twin Integration obtained the highest mean score (M = 4.25, SD = 0.68), indicating that respondents 

perceived digital twin technologies as highly effective for urban infrastructure monitoring, simulation, predictive maintenance, 

and real-time decision-making processes. Intelligent Transportation Performance also showed a high mean score (M = 4.19, 

SD = 0.69), suggesting that advanced digital technologies substantially contribute to traffic optimization, route management, 

congestion reduction, and transportation efficiency within urban environments. Environmental Sustainability and AR/VR 

Applications in Urban Management similarly demonstrated elevated mean values, reflecting positive perceptions regarding the 

contribution of immersive technologies to sustainable urban planning, environmental monitoring, and citizen-centered urban 

services. Citizen Satisfaction exhibited the lowest mean score among the variables (M = 3.91, SD = 0.81), although the value 

remained above the midpoint, indicating an overall favorable evaluation of smart city technological integration among urban 

stakeholders. Additionally, skewness and kurtosis indices for all variables fell within the acceptable range of ±2, confirming 

the normal distribution of the data and supporting the suitability of parametric statistical analyses. 

Table 2. Correlation Matrix among Research Variables 

Variables 1 2 3 4 5 6 7 8 9 

1. AR/VR Applications 1 

        

2. Digital Twin Integration 0.71** 1 

       

3. Edge Computing Efficiency 0.68** 0.75** 1 

      

4. Smart Waste Management Optimization 0.63** 0.70** 0.72** 1 

     

5. Intelligent Transportation Performance 0.69** 0.77** 0.74** 0.65** 1 

    

6. Urban Resource Allocation Efficiency 0.66** 0.73** 0.71** 0.68** 0.76** 1 

   

7. Environmental Sustainability 0.64** 0.72** 0.69** 0.75** 0.67** 0.70** 1 

  

8. Operational Responsiveness 0.67** 0.74** 0.78** 0.66** 0.73** 0.75** 0.69** 1 

 

9. Citizen Satisfaction 0.58** 0.69** 0.65** 0.61** 0.71** 0.72** 0.67** 0.76** 1 

**p < 0.01 

 

The results of the Pearson correlation analysis revealed significant positive relationships among all study variables at the 

0.01 significance level. The strongest observed correlation was between Edge Computing Efficiency and Operational 

Responsiveness (r = 0.78, p < 0.01), indicating that real-time decentralized data processing substantially enhances the 

responsiveness and adaptability of urban management systems. Digital Twin Integration also demonstrated strong positive 

relationships with Intelligent Transportation Performance (r = 0.77, p < 0.01) and Urban Resource Allocation Efficiency (r = 

0.73, p < 0.01), suggesting that simulation-driven urban management platforms improve predictive planning and optimize 

municipal operational strategies. Furthermore, Smart Waste Management Optimization showed a strong association with 

Environmental Sustainability (r = 0.75, p < 0.01), emphasizing the role of intelligent waste systems in achieving sustainable 

urban environmental goals. Citizen Satisfaction exhibited significant correlations with all technological and managerial 

variables, particularly with Operational Responsiveness (r = 0.76, p < 0.01) and Urban Resource Allocation Efficiency (r = 

0.72, p < 0.01), indicating that improvements in smart infrastructure performance and service delivery directly enhance public 

satisfaction within smart urban ecosystems. 
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Table 3. Structural Equation Modeling Results for Predicting Smart Urban Management Efficiency 

Path Standardized Beta Standard Error Critical Ratio p-value 

AR/VR Applications → Smart Urban Management Efficiency 0.29 0.041 5.84 0.001 

Digital Twin Integration → Smart Urban Management Efficiency 0.36 0.038 7.29 0.001 

Edge Computing Efficiency → Smart Urban Management Efficiency 0.33 0.044 6.71 0.001 

Smart Urban Management Efficiency → Environmental Sustainability 0.42 0.036 8.11 0.001 

Smart Urban Management Efficiency → Citizen Satisfaction 0.39 0.040 7.46 0.001 

 

The structural equation modeling analysis demonstrated that all proposed paths in the conceptual framework were 

statistically significant. Digital Twin Integration exerted the strongest direct effect on Smart Urban Management Efficiency (β 

= 0.36, p = 0.001), highlighting the critical role of digital simulation technologies in enhancing urban operational intelligence, 

predictive maintenance capabilities, and infrastructure coordination. Edge Computing Efficiency also significantly predicted 

Smart Urban Management Efficiency (β = 0.33, p = 0.001), confirming the importance of low-latency decentralized processing 

systems for real-time urban analytics and decision-making processes. AR/VR Applications similarly showed a meaningful 

positive effect (β = 0.29, p = 0.001), indicating that immersive visualization technologies improve urban planning accuracy, 

stakeholder engagement, training simulations, and infrastructure management. In addition, Smart Urban Management 

Efficiency significantly predicted Environmental Sustainability (β = 0.42, p = 0.001) and Citizen Satisfaction (β = 0.39, p = 

0.001), suggesting that technologically integrated smart city systems contribute simultaneously to ecological sustainability and 

improved public service quality. Overall, the structural model demonstrated strong explanatory power and supported the 

theoretical assumption that emerging digital technologies substantially enhance urban governance performance and 

sustainability outcomes. 

 

Figure 1. Structural Model of the Relationships among AR/VR Applications, Digital Twin Integration, Edge 

Computing Efficiency, and Smart Urban Management Outcomes 

The structural model illustrated in Figure 1 demonstrates the integrated relationships among immersive technologies, 

intelligent digital infrastructures, and urban management outcomes within smart city ecosystems. The model indicates that 

AR/VR applications, Digital Twin systems, and Edge Computing architectures collectively function as interconnected 

technological enablers that improve urban operational efficiency, environmental sustainability, and citizen-oriented service 

delivery. The standardized path coefficients revealed that Digital Twin Integration and Edge Computing Efficiency exerted the 

strongest influences on smart urban management performance, reflecting the importance of predictive simulation systems and 

decentralized computational infrastructures in modern urban governance. The figure further demonstrates that enhanced smart 

urban management efficiency directly contributes to environmental sustainability and citizen satisfaction, emphasizing the 
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strategic role of advanced digital ecosystems in achieving sustainable and resilient urban development objectives. The overall 

model fit indices confirmed the adequacy of the proposed framework, with χ2/df = 2.11, RMSEA = 0.054, GFI = 0.93, AGFI 

= 0.91, CFI = 0.95, and TLI = 0.94, indicating a satisfactory fit between the conceptual model and the observed data. 

Table 4. Model Fit Indices of the Structural Equation Model 

Fit Index Obtained Value Recommended Value Model Status 

χ2/df 2.11 < 3.00 Acceptable 

RMSEA 0.054 < 0.08 Acceptable 

GFI 0.93 > 0.90 Good 

AGFI 0.91 > 0.90 Good 

CFI 0.95 > 0.90 Excellent 

IFI 0.95 > 0.90 Excellent 

TLI 0.94 > 0.90 Excellent 

 

The goodness-of-fit indices reported in Table 4 confirmed that the proposed structural equation model exhibited satisfactory 

compatibility with the empirical data collected from smart urban management professionals in Tehran. The χ2/df ratio of 2.11 

was below the recommended threshold of 3.00, indicating an acceptable overall model fit. Similarly, the RMSEA value of 

0.054 suggested a low approximation error and confirmed the adequacy of the structural framework. Incremental and 

comparative fit indices including CFI, IFI, and TLI all exceeded 0.90, reflecting strong explanatory capability and robust 

structural validity of the proposed model. Furthermore, the GFI and AGFI values demonstrated that the model adequately 

represented the covariance structure among the observed variables. Collectively, these findings provide substantial empirical 

support for the theoretical framework suggesting that AR/VR technologies, Digital Twin systems, and Edge Computing 

infrastructures play a significant role in enhancing urban sustainability, intelligent transportation systems, waste management 

optimization, and smart resource allocation in modern metropolitan environments. 

4. Discussion and Conclusion 

The findings of the present study demonstrated that Augmented Reality and Virtual Reality (AR/VR), Digital Twin systems, 

and Edge Computing technologies significantly contribute to smart urban management efficiency in the domains of urban 

resource management, waste management, and intelligent transportation. The results revealed that Digital Twin Integration 

exerted the strongest influence on smart urban management efficiency, followed by Edge Computing Efficiency and AR/VR 

Applications. Furthermore, smart urban management efficiency significantly predicted environmental sustainability and citizen 

satisfaction. The correlation analyses also showed strong positive relationships among immersive technologies, digital 

infrastructure integration, operational responsiveness, transportation optimization, waste management efficiency, and 

sustainability indicators. These findings collectively indicate that the integration of advanced digital technologies creates a 

synergistic smart urban ecosystem capable of enhancing operational coordination, predictive governance, environmental 

performance, and public service quality. 

One of the major findings of the study was the strong effect of Digital Twin Integration on smart urban management 

efficiency. This finding suggests that digital twin systems provide municipal authorities with advanced capabilities for 

simulation-based decision-making, infrastructure monitoring, predictive maintenance, and urban operational optimization. 

These results are consistent with previous studies emphasizing the strategic role of digital twins in smart city governance and 

urban sustainability. Research on smart city platforms based on digital twin technology demonstrated that digital twins improve 

urban monitoring and support evidence-based decision-making processes through continuous synchronization between 

physical and digital environments (Dani et al., 2023). Similarly, studies investigating digital twins as frameworks for IoT 

applications showed that these systems facilitate real-time data interpretation and operational coordination across 

interconnected urban systems (Mudiyanselage & Sellahewa, 2023). Earlier research on urban ecosystem digital twins also 

highlighted their importance in improving quality of life and enhancing municipal responsiveness through predictive and 

adaptive urban management approaches (Mukhacheva et al., 2022). The present findings extend these arguments by 

empirically confirming that digital twins significantly enhance urban operational efficiency within the context of Tehran’s 

municipal systems. 
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The significant relationship between Digital Twin Integration and environmental sustainability observed in the present study 

further supports sustainability-oriented urban governance theories. Digital twins can simulate environmental impacts, optimize 

resource allocation, reduce energy waste, and support sustainable planning strategies before costly physical implementation 

occurs. These findings align with studies indicating that combining digital twins with sustainability metrics improves urban 

environmental governance and long-term planning capacity (Corrado et al., 2022). Likewise, BIM-enabled sustainable urban 

development frameworks emphasize the importance of interoperable digital systems in supporting twin transitions that integrate 

digital innovation with environmental sustainability objectives (Jaafari, 2025). Previous research also demonstrated that cloud-

based digital twin systems improve environmental quality management and intelligent infrastructure operations in urban 

contexts (Wei et al., 2023). Therefore, the present study confirms that digital twin ecosystems not only improve technical 

efficiency but also contribute meaningfully to sustainable urban transformation. 

Another important finding of the study was the substantial effect of Edge Computing Efficiency on smart urban management 

performance and operational responsiveness. This result indicates that decentralized and low-latency data processing 

architectures improve the responsiveness and adaptability of smart urban systems, especially in transportation management, 

waste collection logistics, and infrastructure monitoring. Edge Computing enables municipal systems to process real-time 

information closer to the point of data generation, thereby reducing delays and improving decision-making speed. These 

findings are consistent with previous studies highlighting the growing importance of distributed computational infrastructures 

in future smart cities. Research on resource-constrained extended reality operated with digital twins demonstrated that edge-

supported XR systems improve operational continuity and real-time interaction under communication limitations (Kamdjou 

et al., 2024). In addition, studies on 6G-enabled smart city infrastructures emphasized that future urban ecosystems require 

ultra-low latency communication systems capable of supporting massive real-time urban data flows (Murroni et al., 2023). 

The findings of the current study support these theoretical assumptions by showing that edge computing infrastructures play a 

direct role in improving urban service responsiveness and operational coordination. 

The results also revealed that AR/VR Applications significantly predicted smart urban management efficiency. This finding 

highlights the importance of immersive technologies in urban visualization, planning, simulation, citizen engagement, and 

managerial decision support. AR and VR technologies make complex urban datasets more understandable and interactive, 

thereby improving collaboration among planners, engineers, administrators, and stakeholders. These findings correspond 

closely with studies emphasizing the contribution of immersive technologies to sustainable smart city planning and digital 

urban management. Research on immersive technology and BIM integration showed that AR/VR environments improve spatial 

cognition, planning accuracy, and stakeholder interaction in smart city systems (Liu et al., 2024). Similarly, studies examining 

XR technologies in circular economy transitions indicated that immersive technologies support sustainability-oriented 

decision-making, infrastructure adaptation, and environmental awareness in the built environment (Soman et al., 2024). The 

present findings therefore confirm that AR/VR technologies function not only as visualization tools but also as strategic 

governance instruments capable of supporting more intelligent urban management processes. 

The positive association between AR/VR technologies and citizen satisfaction is particularly important in the context of 

participatory urban governance. Immersive technologies can improve transparency, communication, and public understanding 

of urban projects by allowing citizens to experience infrastructure proposals, transportation scenarios, and urban development 

plans interactively. Previous literature on the city metaverse and spatial data intelligence suggests that immersive digital 

environments create new opportunities for interactive urban experiences and collaborative governance (Meng et al., 2025). 

Likewise, studies on the Internet of City Things emphasize that AI-driven XR environments can improve service accessibility 

and urban engagement through cost-effective interactive technologies (Bibri & Jagatheesaperumal, 2023). However, 

previous research also warned that immersive urban systems raise ethical, economic, and social concerns regarding exclusion, 

privacy, governance accountability, and digital inequality (Tiwari, 2024). The current findings indicate that despite such 

challenges, immersive technologies can still significantly improve citizen satisfaction when effectively integrated into 

municipal governance frameworks. 

The findings related to intelligent transportation performance also deserve attention. The results demonstrated strong 

relationships between digital infrastructure integration and transportation efficiency, indicating that smart transportation 
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systems benefit substantially from real-time analytics, simulation technologies, and predictive management systems. These 

findings align with previous studies on Digital Twin-enabled Internet of Vehicles applications, which showed that digital 

transportation ecosystems improve mobility coordination, traffic optimization, and transportation safety (Gao et al., 2024). 

Cross-domain interoperability research similarly demonstrated that IoT-based digital twins support integrated transportation 

and urban management systems by enabling synchronized communication among urban infrastructures (Campo et al., 2024). 

The strong relationship between Edge Computing Efficiency and transportation performance observed in this study further 

confirms the importance of real-time decentralized processing for traffic control, congestion management, and adaptive 

transportation operations. 

The study also demonstrated that smart waste management optimization significantly contributed to environmental 

sustainability. This finding indicates that digital technologies can improve waste monitoring, collection efficiency, recycling 

coordination, and resource recovery processes. Previous research on Waste Management 2.0 showed that IoT-enabled waste 

systems improve environmental performance and operational efficiency in smart cities (Addas et al., 2024). Furthermore, 

digital twin implementation in waste management systems has been associated with improvements in production efficiency, 

service optimization, and circular resource management (Barbosa et al., 2023). The present findings support these conclusions 

and further suggest that waste management systems become more effective when integrated with broader digital urban 

ecosystems involving immersive visualization, predictive simulation, and distributed data processing. 

The strong relationship observed between smart urban management efficiency and environmental sustainability also 

supports circular economy theories emphasizing the role of digital technologies in sustainable urban transformation. Previous 

studies indicated that digital technologies support circular economy practices through data transparency, process optimization, 

intelligent monitoring, and resource efficiency improvements (Chi et al., 2023). Likewise, broader classifications of digital 

technologies demonstrated their significant contribution to sustainable production systems, lifecycle management, and circular 

resource flows (Piedra‐Muñoz et al., 2025). The findings of the current study extend this perspective by showing that 

integrated digital urban systems can simultaneously improve operational efficiency and sustainability outcomes in large 

metropolitan environments. 

Another important implication of the study concerns the growing convergence of artificial intelligence, IoT systems, digital 

twins, immersive environments, and smart infrastructure platforms. Previous literature emphasized that AI, IoT, and big data 

technologies collectively reshape architecture, engineering, construction, and urban governance practices by enabling 

predictive analytics, automated monitoring, and intelligent decision support (Rane et al., 2023). Similar conclusions were 

reached in studies examining leading-edge technologies for architectural and urban design innovation (Rane, 2023). Research 

on AI-driven analytics in digital twin systems also showed that machine learning enhances urban data interpretation and 

visualization capacities (Singh et al., 2025). The current study empirically supports these theoretical developments by 

demonstrating that the integration of multiple digital technologies creates synergistic benefits for urban governance efficiency 

and sustainability. 

The findings additionally highlight the importance of interoperability and integrated information flow management in smart 

city ecosystems. Effective urban management requires synchronization among sensors, computational systems, infrastructure 

platforms, and governance processes. Research on information flow synchronization throughout the building lifecycle 

emphasized the importance of maintaining continuity among digital systems and operational processes (Raitviir & Lill, 2024). 

Likewise, scientometric analyses of BIM evolution showed that integrated information systems are becoming foundational 

infrastructures for sustainable built environments (Kuai et al., 2023). The current findings confirm that urban digital 

ecosystems function more effectively when data flows are integrated and coordinated across sectors. 

The present study also supports the argument that successful smart city development depends not only on technological 

sophistication but also on organizational and human integration. Previous studies emphasized the role of innovation 

intermediaries in creating inclusive smart cities through collaboration among stakeholders, institutions, and technological actors 

(Lepore et al., 2023). Similarly, research on blending humanware with software and hardware in smart city design argued that 

sustainable urban innovation requires integration between technical systems and human-centered governance approaches 

(Almusaed & Almssad, 2023). Research on Industry 6.0-oriented built environments also stressed the need for strategic 
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integration between digital innovation, sustainability objectives, and human participation (Almusaed et al., 2023). The present 

findings support these arguments by showing that technological efficiency ultimately contributes to citizen satisfaction only 

when integrated into broader governance and service systems. 

The study findings should also be interpreted in light of the challenges identified in previous research regarding metaverse 

ecosystems, industrial XR systems, and emerging urban technologies. Studies on the industrial metaverse identified 

environmental concerns, energy consumption challenges, infrastructure requirements, and governance complexities associated 

with immersive urban technologies (S. Nleya & M. Velempini, 2024; S. M. Nleya & M. Velempini, 2024). Business 

ecosystem analyses of metaverse systems further suggested that value creation in digital ecosystems depends on complex 

interorganizational coordination and platform governance structures (Kontogianni & Ανθόπουλος, 2024). Research on 

smart city technology implementation also emphasized that emerging technologies may fail to achieve expected outcomes 

without appropriate institutional readiness, interoperability standards, and strategic planning (Filipovic & Stüttgen, 2023). 

Therefore, while the findings of the present study confirm the positive effects of AR/VR, Digital Twin systems, and Edge 

Computing, they also imply that successful implementation requires strong governance capacity, infrastructure readiness, and 

strategic integration frameworks. 

One limitation of the present study was its reliance on cross-sectional data collected from participants within Tehran 

Municipality and related smart city organizations. Although the sample provided valuable insights into urban technology 

implementation, the findings may not fully capture long-term technological adaptation processes or causal changes over time. 

Another limitation concerns the use of self-report questionnaires, which may be influenced by respondent bias, organizational 

expectations, or subjective perceptions regarding technological efficiency. Additionally, while the study examined several 

important technological dimensions, other variables such as cybersecurity readiness, financial constraints, governance 

regulations, and digital literacy were not directly included in the conceptual model. 

Future research should employ longitudinal and comparative designs to investigate how digital urban technologies evolve 

over time and influence sustainability outcomes across different metropolitan contexts. Researchers are encouraged to examine 

additional technological dimensions such as artificial intelligence governance, blockchain integration, cybersecurity 

frameworks, digital ethics, and smart energy systems. Comparative studies between different cities and countries may also 

provide deeper insight into contextual differences in smart city implementation and digital infrastructure readiness. 

Furthermore, future investigations could explore citizens’ behavioral acceptance of immersive technologies and digital urban 

platforms using mixed-method or experimental approaches. 

From a practical perspective, municipal authorities and urban policymakers should prioritize integrated smart city strategies 

that combine Digital Twin systems, AR/VR technologies, Edge Computing infrastructures, and IoT platforms into unified 

urban governance ecosystems. Urban managers should invest in interoperable data infrastructures, real-time monitoring 

systems, and predictive analytics platforms to improve transportation efficiency, waste management operations, and resource 

allocation processes. In addition, policymakers should develop regulatory frameworks and governance guidelines addressing 

privacy protection, data security, interoperability standards, and ethical concerns associated with immersive urban technologies. 

Training programs for municipal employees and public awareness initiatives for citizens may also improve technological 

adoption and increase public trust in smart urban governance systems. 
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