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Abstract

The promise of Augmented Reality (AR) in urban regeneration remains unrealized.
While immersive visualization enhances decision-making precision, its struggle to
integrate technical rationality with social embeddedness persists. This study exam-
ines the role of AR in urban regeneration decision-making through a Systematic
Quantitative Literature Review of peer-reviewed articles from Scopus and Web of
Science. The study emphasizes the need for high-performance computing (HPC)
and real-time processing for efficiently managing complex urban datasets and facili-
tating time-sensitive participatory decision-making. AR applications follow a tem-
poral trajectory—from post-regeneration visualization to predictive decision support
and real-time participatory platforms. Policy instrumentality and spatial adaptability
often outweigh technical specifications in shaping success. Yet, AR’s implementa-
tion paradox remains: Its precision in modeling urban change contrasts with its weak
integration into lived experiences. A semantic decision matrix repositions AR as a
boundary object, bridging computational models with urban realities. Leveraging
HPC enables scalable, high-fidelity simulations, reinforcing AR’s potential in urban
regeneration.

Keywords Augmented reality - Urban regeneration - Decision-making efficiency
paradox - Policy implementation - Techno-social determinants - Bibliometric—
semantic synthesis

1 Introduction

The tectonic shift of global urbanization—projected to add 2.5 billion urban dwell-
ers by 2050—has exposed fundamental tensions between spatial resource optimiza-
tion and social equity imperatives [1]. In the process of urban development shift-
ing from incremental expansion to stock optimization, urban regeneration is defined
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as a process-oriented and multidimensional framework that encompasses physical
renewal, social reconstruction, and participatory governance [2, 3]. The develop-
ment of urban regeneration has evolved from early project-based and experience-
driven spatial infrastructural improvements to an intrinsic and participatory system-
atic design of decision-making mechanisms [4, 5]. Supported by high-performance
computing and driven by multisource data and algorithmic emergence, urban regen-
eration has become a technology-assisted paradigm that coherently integrates spatial
transformation, community engagement, and policy adaptation [6, 7]. Regeneration
initiatives now confront a trilemma: revitalizing aging infrastructure while preserv-
ing cultural memory, balancing economic growth with environmental stewardship,
and reconciling technical expertise with community aspirations [8, 9]. The United
Nations’ SDG 11 underscores this complexity, framing urban sustainability not
merely as a physical renewal but as the recalibration of socio-technical systems [10].
Emerging as a linchpin strategy, urban regeneration transcends traditional placemak-
ing to become a tool for analyzing and addressing urban challenges [11]. Contem-
porary approaches increasingly adopt cyber-physical systems thinking [12], recog-
nizing that successful regeneration requires simultaneous interventions in physical
infrastructure, socio-cultural dynamics, and decision support ecosystems [13, 14].
However, this analytical triad reveals a critical knowledge gap, the majority of
regeneration failures stem from decision-making fragmentation, and limited tech-
nological studies address this systemic challenge, particularly as emerging technolo-
gies reshape how we approach regeneration in the digital age [15].

Augmented Reality (AR) introduces a transformative approach to urban planning
and development that transcends the capabilities of traditional digital tools like Geo-
graphic Information Systems (GIS) and Building Information Modeling (BIM). By
enabling real-time, interactive overlays, AR fundamentally enhances our perception
of and interaction with urban spaces, moving beyond static digital representations to
create dynamic, immersive experiences [16]. AR has achieved remarkable interdis-
ciplinary progress in recent years, with its applications in urban studies and regen-
eration practices gradually moving beyond their original experimental and demon-
strative stages [17, 18].

On the research front, the advancement of AR has been greatly facilitated by the
rapid convergence of high-performance computing (HPC), real-time sensing, and
digital twin technologies. Early AR research largely focused on the visualization of
architecture and cultural heritage [19, 20], emphasizing the reproduction of existing
spaces or historical scenes. However, with the integration of real-time data streams
and machine learning algorithms, AR is now capable of processing large-scale
urban datasets, supporting dynamic modeling and predictive simulation [21, 22].
This transition from “static visualization” to “real-time computational framework”
has endowed AR with the theoretical capacity to intervene in the early stages of
urban planning, laying the technological groundwork for multi-stakeholder engage-
ment and evidence-based decision-making.

On the practical front, several landmark projects have illustrated both the potential
and the limitations of AR in urban regeneration. For example, the Singapore govern-
ment-led “Virtual Singapore” project integrates AR, digital twins, and the Internet
of Things to create a multidimensional simulation platform accessible to government
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agencies, businesses, and citizens for testing energy management, traffic flow, and
urban renewal strategies [23, 24]. In Europe, AR has been widely applied in heritage
preservation and public education, such as the neighborhood reconstruction projects in
Perugia, Italy, and York, UK, which not only restored historical streetscapes but also
enhanced cultural participation among citizens and tourists [25, 26]. Furthermore, in
certain urban regeneration initiatives in North America and Australia, AR has been
employed in public consultation processes, enabling residents to intuitively under-
stand the spatial and environmental implications of different design scenarios through
immersive 3D simulations [27].

While these initiatives vividly demonstrate AR’s technical potential and communi-
cative value, they largely remain fragmented and project-based, often confined to visu-
alization and demonstration rather than integrated planning or governance processes.
However, despite AR being inherently characterized by immersion, visualization, and
interactivity—features that theoretically lower the barriers to understanding complex
spatial transformations [28], its participatory potential in urban regeneration decision-
making has remained largely unrealized in practice: the temporal dimension and the
stakeholder dimension. Most applications are concentrated on post-redevelopment vis-
ualization and demonstration, with insufficient focus on predictive and dynamic inter-
vention during the early planning and construction phases [29]. Existing applications
are predominantly expert-driven, with community residents and non-professional pub-
lics often marginalized, leaving AR far from realizing its potential for “spatial democ-
ratization” [30].

Against this backdrop, a salient “implementation paradox” emerges: AR has
advanced rapidly in terms of technical precision and simulation capacity, yet its core
value in social embedding and governance practice remains largely unfulfilled. This
paradox underscores the urgent need for new theoretical and methodological frame-
works to better understand and reconfigure the role of AR in urban regeneration.

To address this challenge, this paper pursues two complementary research objec-
tives. First, through a Systematic Quantitative Literature Review (SQLR), we analyze
academic contributions on AR and urban regeneration published between 2014 and
2025, identifying research gaps from macro trends and key case studies. Second, based
on these insights, we propose a Semantic Decision Matrix, which aims to reposition
AR as a “boundary object” bridging technological rationality and social practice, while
exploring the conditions under which AR can evolve from a visualization tool into an
effective decision-support and governance mechanism.

By adopting this dual pathway, the paper not only reviews and synthesizes exist-
ing scholarship but also seeks to establish a forward-looking interdisciplinary analytical
framework. This framework aspires to optimize AR applications in urban regeneration
and to provide novel theoretical and practical guidance for resolving its implementation
paradox.
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2 Methodology and data collection
2.1 Literature review method

This study utilized the Systematic Quantitative Literature Review (SQLR)
method to systematically examine and evaluate relevant literature related to the
topic. A comprehensive investigation was conducted using data from the well-
known Web of Science (WOS) and Scopus databases.

The WOS and Scopus databases were chosen as the data sources because they
consolidates a comprehensive collection of academic contributions pertinent to
the utilization of AR in urban regeneration. These databases facilitate the com-
pilation and integration of data from diverse sources like articles, book reviews,
conference papers, dissertations/thesis, and book chapters into a format condu-
cive to statistical analysis and scholarly research. Figure 1 illustrates the meth-
odological process employed in this survey.

During the initial phase, a comprehensive search was conducted in the
WOS and Scopus databases using keywords. These search terms are not lim-
ited to “Urban Regeneration” and “Augmented Reality” because there are not
enough documents with these keywords directly in the title and abstract. “Urban
Renewal,” “Urban Renovation,” and “Urban Redevelopment” are also matched
as the keywords. Urban Renewal emphasizes large-scale physical transformation
[31], Urban Renovation focuses on the refurbishment and improvement of exist-
ing structures [32], and Urban Redevelopment highlights redevelopment driven
by land value [33]. Although these concepts reflect different dimensions of urban
change and are closely related to the holistic framework of Urban Regeneration,
finally, keywords such as “Augmented reality” and “Urban regeneration,” “Aug-
mented reality” and “Urban Renewal,” “Augmented reality” and “Urban Reno-
vation,” “Augmented reality” and “Urban Redevelopment” are searched in titles,
abstracts, and specific parameters. A total of 69 documents were identified, pub-
lished between 2014 and 2025. A rigorous two-stage screening procedure was
employed. In the first stage, records were screened based on publication year
(2014-2025), document type (article, review, conference paper, dissertation/the-
sis, book chapter), and language (English), resulting in 49 records. In the sec-
ond stage, 12 duplicates were removed, and the remaining 37 studies underwent a
full-text assessment, all of which met the predefined inclusion criteria. The final
set of 37 studies was included in the systematic quantitative review and biblio-
metric analysis. This transparent and methodical approach, as depicted in Fig. 1,
ensures the robustness and reproducibility of the study’s literature base.

2.2 Development of an integrative analytical framework

Beyond analyzing existing literature, this study develops an integrative frame-
work to synthesize the findings of the SQLR and to guide the identification of
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Records 1dentified from (n =69 ):
Web of science (n=44)
Scopus (n=25)

Records identitied from (n =49 ):
Web of science (n=24)
Scopus (n=25)

Records screened (n =37 )

Fig. 1 Selection criteria and process of sources on AR in Urban Regeneration

research gaps and future directions (see Sect. 5). The framework is derived induc-
tively from the key insights of the systematic review.

First, by performing a root-cause analysis of the structural research gaps iden-
tified in Sect. 4, the study extracts four foundational prerequisites that condition
the effective application of AR in urban regeneration. This analytical step trans-
lates specific shortcomings observed in the literature into the enabling require-
ments necessary for bridging the identified “implementation paradox.” Second,
building on the asymmetries revealed through bibliometric and thematic analy-
ses, a Semantic Decision Matrix is constructed along these two dimensions. The
Semantic Decision Matrix systematically maps AR’s evolving functional value
(vertical analysis) onto the urban regeneration lifecycle (horizontal progression),
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thereby repositioning AR as a boundary object connecting technological rational-
ity with social embedding.

Collectively, this integrative framework enables the transition from a retrospec-
tive literature synthesis to a forward-looking and actionable research agenda. It
reconfigures AR’s role from fragmented technological applications into a coherent
socio-technical system supporting decision-making, participation, and governance
in urban regeneration.

3 Bibliometric analysis results
3.1 Geographical study

Geospatial analysis of bibliometric data (Fig. 2) reveals marked spatial heterogene-
ity in AR research on urban regeneration, with China emerging as the global center,
contributing eight studies. Secondary clusters appear in South Korea, Italy, France,
and the UK, while Portugal, Spain, Japan, and the Netherlands make smaller contri-
butions. This distribution reflects differences in socioeconomic development, policy
orientation, and cultural heritage across nations.

China’s leading position stems from its unique urbanization context and institu-
tional environment. Facing challenges such as historic district preservation, aging
neighborhood renewal, and large-scale urban expansion, China provides abundant
scenarios for AR applications [34]. National strategies promoting the “digital econ-
omy” and “smart cities” further support AR-related research through policy and
funding mechanisms [35]. Combined with a vast pool of scientific talent and rich
cultural resources, these factors form the structural foundation of China’s domi-
nance. In contrast, European research shows distinct trajectories. Portugal and Italy

Fig.2 Country-wise research output on applications of AR in Urban Regeneration
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focus on cultural heritage conservation, reflecting their deep historical roots [36,
37], while the UK and France emphasize smart city governance and sustainability,
driven by priorities in urban management and citizen engagement.

This geographical pattern underscores a key feature of AR research in urban
regeneration: Technological pathways are deeply shaped by local conditions. China’s
“scale-policy” model and Europe’s “heritage-governance” paradigm together form a
diverse global landscape. These contrasting approaches reveal how AR adapts to dif-
ferent socio-technical environments, offering theoretical insights into the regional
dynamics and limitations of AR’s implementation in urban regeneration.

3.2 Bibliometric analysis: co-occurrence study

VOSviewer is a tool for analyzing and visualizing scientific literature, particularly
adept at displaying relationships between documents. It uses intuitive network
maps to show connections such as citations and keyword co-occurrences, helping
researchers quickly identify links between documents. Its clustering analysis feature
groups related documents, revealing key themes and trends in the research field.
Additionally, VOSviewer analyzes the structure of literature networks, identifying
core documents and authors and assessing their influence within the field. These fea-
tures provide valuable support for understanding complex academic relationships,
discovering research hotspots, and tracking developments in the field [38].

To explore the relationship between AR and urban regeneration, we used the
open-source tool VOSviewer to delve into the interplay between the two fields.
By using the VOSviewer software, 37 articles filtered from the WOS and Scopus
databases were systematically constructed according to the keyword co-occurrence
analysis. Eighty-three keywords that meet the predefined threshold (the minimum
co-occurrence frequency of the keywords is greater than or equal to 2) were identi-
fied from 66 keywords. The resulting network of keywords is then classified into
two distinct clusters, as shown in Fig. 3. This method helps us reveal the connec-
tion between AR and urban regeneration and further understand the application and
impact of AR in urban regeneration.

The four distinct clusters emerging from the keyword co-occurrence net-
work (Fig. 3) map the fragmented intellectual terrain of AR in urban regeneration
research. The red cluster consolidates studies that frame AR as a representational
and interpretive medium for heritage visualization and user experience, where key-
words like “virtual heritage” and “user experience” signal a focus on digital recon-
struction and immersive storytelling. However, public participation remains largely
confined to passive consumption rather than co-creation. In parallel, the green
cluster embodies AR’s role as a professional decision-aid and collaborative work-
space for planners and architects, emphasizing pre-construction visualization and
design simulation through terms like “BIM” and ‘“urban design.” While this stream
enhances technical precision, it operates within an expert-driven loop that often
sidelines the socio-political dimensions of regeneration. The blue cluster consti-
tutes the technological backbone of AR applications, highlighted by keywords such
as “digital twin,” “IoT,” and “real-time data.” This cluster is deeply techno-centric,
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Fig.3 Network of the co-occurrence of literature keywords Source: WOS and Scopus datasets (last
search date: 2025/10/3)

concerned with system architecture and data interoperability as ends in themselves,
thereby supplying the technical prerequisites for the functionalities discussed in the
first two clusters. In contrast, the fourth and most emergent yellow cluster links AR
to broader discourses of smart city governance and participatory decision-making.
Keywords like “public participation,” “citizen engagement,” and “sustainable devel-
opment” reflect an attempt to reconceptualize AR not merely as a tool for experts or
a presentation medium, but as a participatory interface that supports civic discussion
and inclusive policymaking, directly addressing the social and political complexities
that other clusters often overlook.

The red, green, and blue clusters form a tightly connected techno-instrumentalist
core triangle, whereas the yellow cluster is relatively peripheral and weakly con-
nected. This structure visually reflects an imbalance in the way knowledge is pro-
duced in the field. A large body of research has concentrated on improving the
technical capacities of AR, including visualization, simulation, and integration. In
contrast, work on its social embedding and governance value remains relatively
limited and isolated. This structural hole between technological supply and social
demand is the direct manifestation of the “implementation paradox” in the knowl-
edge map as discussed in the paper.

The temporal overlay visualization (Fig. 4) reveals a clear chronological evolu-
tion in AR-related urban regeneration research. From 2018 to 2020, studies focused
on cultural heritage and immersive visualization, reflecting the early diffusion of AR
technologies enabled by the widespread smartphone adoption and mobile AR plat-
forms such as ARKit and ARCore [39]. Between 2020 and 2022, attention shifted
toward technological integration and digital twin development, paralleling the

@ Springer



259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

274

275
276
277
278
279
280

Journal : SmallExtended 11227 | Article No : 8184 Pages : 32 MS Code : 8184 Dispatch : 29-12-2025
Multifaced role of augmented reality in urban regeneration... Page9of32 _####
i higgcty
plagging SRS urban,‘anner
@ digital twin [
building stock o #
rapid urbanization deggion 1,
@ e P Ll e )Fu
' irection trSngylon : L7 2 ,m*h[y 'i AN
effidfncy integration ® W bf“g NI | |
possibility rEm’tion /,f 8 1% ‘d'ﬁ*‘"w mainténance
pro®type” - cultural heritage challgnge 7 ’irhp';]éh&\tanonk S

augmented regity technolgay * environment

user
{ S
intefest

context

S == 4
z W s N
urban r‘l'eration =

o\

" appligation 2 \
= =

f integpet 2R

}

T :
I artificiabitelligence

virgual

vmu Sy key clﬂlenge
rx

experience

attefition =
2p collabration

6‘}5 VOSviewer

2018 2020 2022 2024

Fig.4 Overlay of the co-occurrence of literature keywords from 2014 to 2025. Source: WOS and Sco-
pus datasets (last search date: 2025/10/3)

expansion of cloud computing and early 5G deployment, which improved data trans-
mission and real-time spatial interaction [40, 41]. Since 2022, research has increas-
ingly emphasized smart city governance, Al integration, and data-driven decision-
making, aligning with global strategies promoting the digital economy and smart
cities, particularly in China and Europe [34, 42]. This trajectory indicates a para-
digm shift from visualization-oriented experimentation to system-level integration,
shaped by concurrent technological and policy milestones.

Despite these advancements, the uneven distribution of clusters points to per-
sistent disciplinary fragmentation. Technological and visualization-oriented stud-
ies have developed rapidly, whereas research on public participation, governance
mechanisms, and policy integration remains limited. This asymmetrical evolution
reveals a structural imbalance within the field. This imbalance underpins what may
be termed the implementation paradox of AR in urban regeneration—an enduring
contradiction between the technology’s increasing potential for immersive engage-
ment and its limited realization in participatory and decision-making practices.

3.3 Top 10 highly cited papers in relevant research

The top 10 papers collectively represent the evolving integration of digital and intel-
ligent technologies within the context of sustainable urban regeneration. Their focal
areas encompass smart cities, augmented reality applications in urban design and
heritage reconstruction, digital twin technology, cultural preservation, and public
participation. Notably, this surge coincides with the rapid development of immer-
sive technologies and Al-driven urban analytics. This trend indicates a paradigm
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shift from theoretical explorations toward practical, technology-empowered solu-
tions for urban renewal and spatial intelligence. The diversity of publication sources
also highlights the increasing convergence between AR, Al, GIS, and digital twin
technologies in addressing challenges related to old community renovation, public
space optimization, and heritage conservation. Overall, these works collectively
demonstrate the emergence of data-driven, participatory, and intelligent frameworks
that are reshaping sustainable urban development and the design of future cities
(Table 1).

3.4 The core research themes of highly cited papers

To assess the representativeness of these ten highly cited papers within the research
field, we mapped them onto the four core thematic clusters identified through
VOSviewer analysis. Table 2 presents the mapping results, indicating that these
papers collectively cover all key research directions in a balanced manner, thereby
confirming their comprehensiveness as an analytical sample.

3.5 Content, research perspectives, and actual contributions to the field

Based on a systematic analysis of ten core studies, AR holds significant potential in
urban regeneration and planning decision-making, but its promise remains only par-
tially realized. Existing studies demonstrate that AR can enhance decision precision
through immersive visualization and integrate spatial data, historical information,
and public feedback to support multidimensional decision processes [43, 44]. How-
ever, the integration between technical rationality and social embeddedness remains
insufficient. Theoretical works such as Smart Cities: A Spatialized Intelligence pro-
vide a macro-level framework for smart urbanism and spatial informatization, offer-
ing conceptual grounding for AR-based visualization and spatial intelligence [43]. In
parallel, technically oriented studies advance AR implementation through marker-
less systems [44], 5D GIS-based virtual heritage environments [45], and digital-
twin-driven transportation visualization [46], enabling urban data to be represented
in real-time and interactive formats that better support planners and stakeholders.

Research on social interaction and public participation further indicates that AR
can guide citizens’ engagement in urban design and heritage regeneration through
quantitative indicators, participatory interfaces, and wearable devices [47, 48]. This
enables a shift from unidirectional visualization to collaborative decision-making,
although AR still struggles to embed itself into lived spatial experience. The tempo-
ral trajectory of AR applications becomes clear as they move from post-regeneration
visualization [49] to predictive design and decision support [50] and then further
toward real-time participatory platforms [51]. The integration of AR with HPC
proves essential along this trajectory, as complex urban datasets and time-sensitive
participatory interactions require scalable, high-fidelity simulation, and processing
capabilities [46]. Through digital twins, GIS integration, and data-driven modeling,
AR enhances planners’ ability to interpret, anticipate, and intervene in dynamic
urban environments.

@ Springer
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Cultural heritage conservation and historic urban regeneration emerge as key
domains where AR has matured significantly. Studies such as 5D GIS Virtual Her-
itage and Cultural Heritage and Digital Tools: The Rock Interoperable Platform
show that AR not only provides immersive interpretive experiences and cross-plat-
form management but also strengthens public understanding, educational engage-
ment, and participatory heritage stewardship [45, 52]. Meanwhile, research focused
on user experience, especially studies that integrate AR with wearable devices and
mobile sensing technologies, expands the ability of AR to shape how individuals
perceive and engage with public spaces, thereby strengthening its social embedded-
ness [48].

Collectively, these studies reveal that while AR offers high-precision spatial
modeling and visualization capabilities, its ability to integrate with everyday urban
experience, collective meaning-making, and socio-spatial practices remains com-
paratively weak [43, 47, 50]. These literatures clearly illustrate the evolutionary tra-
jectory of AR from a “technical demonstration” toward “governance integration.”
Although the research frontier points toward collaborative decision-making and
intelligent governance, practical implementation still faces tensions between tech-
nological integration and social complexity. Most studies remain exploratory, with a
lack of quantitative assessment regarding AR’s actual impact on social equity, deci-
sion-making efficiency, and community cohesion (Table 3).

4 Research gaps in the application of augmented reality for urban
regeneration

The analysis of the top 10 papers reveals a significant trend in the evolving discourse
around sustainable urban development, with a particular emphasis on key topics
such as smart cities, revitalization of old communities, public space integration,
citizen participation, and urban regeneration. This shift is indicative of an increas-
ing recognition of the critical role emerging technologies, particularly AR, play
in the transformation of urban regeneration practices. However, despite the grow-
ing body of research, several key research gaps remain in the application of AR to
urban regeneration. Table 2 highlights critical research gaps and potential areas for
advancement in applying AR to urban regeneration (Table 4)

The highly cited literature reveals a path dependency in AR research, predomi-
nantly focused on ex-post visualization in cultural heritage and tourism applications.
This concentration, while validating AR’s presentational value, has constrained the
exploration of its predictive capabilities, creating critical gaps in predictive applica-
tions like urban design simulation and data-driven planning identified in Table 2.

Moreover, the prevailing expert-driven focus in core AR studies emphasizes tech-
nical precision and performance optimization for professional users, often neglect-
ing the design of interactive and socially inclusive platforms. This is reflected in
the underexplored areas identified in Table 2, including public participation, stake-
holder engagement, and AR-mediated communication in urban planning. The weak
integration between technical capabilities and social application needs has limited

@ Springer
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research on collaborative urban planning, participatory design, and simulation of
social impacts.

In essence, the research fronts shaped by these highly cited papers have inad-
vertently limited the field’s scope, creating the critical imbalances between technical
potential and practical governance value systematically cataloged.

5 Discussion: AR decision-making application in urban regeneration
5.1 Requirements of AR application in urban regeneration

Based on the above systematic analysis, the gaps in the application of AR in urban
regeneration decision-making stem from a common structural issue: An effective
linking of technological capabilities with social complexities remains. absent. By
conducting an attribution analysis of research gaps affecting decision validity, this
study identifies foundational requirements and consequences that underpin a par-
ticipatory decision-making paradigm (Fig. 5). Together, these conditions constitute
the systematic support for AR as a boundary object in decision-making, providing
a theoretical basis for the subsequent exploration of the semantic decision matrix
across different stages of urban regeneration.

5.1.1 Smart city governance and participation

The application of AR technology in urban spaces necessitates meticulous consid-
eration of site conditions [53]. Spatial dimensions and layouts must be sufficiently
expansive and strategically designed to facilitate the seamless integration of AR
technologies, while providing participants with adequate action space to ensure
viewing safety. This involves establishing multiple AR interaction zones, each tai-
lored to showcase distinct historical narratives or natural landscapes, fostering a
rich and diverse immersive experience for visitors [54]. Beyond physical safety, site
management must also address broader considerations of urban security, encom-
passing data protection, privacy safeguards, and social safety. The underlying urban

Governance & Policy support:

1. Safety and sufficient space

2. Digital infrastructure support

3. Availability of geographic
information and building data

4. Public licenses and Consequences after applying AR:
specifications 1. Improving user experience

2. Enhancing spatial informatization

3. promoting public participation

4. Sustainable development
compliance management

Technology & Data Integration: Application of AR

1. Infrastructure and networks

2. Data Support (GIS, BIM, IFC
Standardization)

3. Collaborative Platforms and
Multi-Stakeholder Participation

Fig.5 Systemic support framework for AR in urban regeneration (derived from a thematic analysis of the
reviewed)
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infrastructure must therefore be robust and comprehensive, supporting the smooth
operation, maintenance, and secure management of AR devices.

With the increasing emphasis on data security and privacy in urban regenera-
tion, strong mechanisms for data protection and regulatory compliance are essen-
tial. Urban data often contain sensitive information such as property ownership,
architectural designs, and personal details, which require governance frameworks
and encryption protocols to prevent unauthorized access and misuse [55]. AR appli-
cations must comply with laws covering data privacy, intellectual property, and
urban planning. For example, regulations including the EU General Data Protec-
tion Regulation and China’s Personal Information Protection Law set clear standards
for consent and responsible data processing, while urban planning laws regulate the
use of public spaces, requiring official permits for deployment in streets, parks, or
squares and owner consent for content on private property [56]. Authorities may
also conduct reviews to evaluate potential environmental and community impacts,
and licensing schemes for location-based AR in public areas provide practical exam-
ples of policy guiding legal and ethical use [57].

By integrating data governance, legal compliance, and participatory planning,
AR technologies can contribute to urban regeneration in a transparent and responsi-
ble manner, promoting citizen engagement, sustainable development, and smart city
governance.

5.1.2 Technology integration and data-driven

Integrating AR into urban regeneration requires robust digital infrastructure to
support the seamless transformation of urban environments. Effective deploy-
ment demands substantial computing resources, high levels of system integration,
and advanced graphics processing capabilities. Real-time rendering of spatial data,
object recognition, and interactive visualization rely on high-performance hardware,
optimized 3D modeling techniques, and low-latency communication networks,
particularly 5G, to ensure smooth data transmission and interactivity [58]. Despite
AR’s growing popularity, usability and user experience remain areas for improve-
ment [59]. The development of specialized AR operating systems and user-friendly
development toolkits is therefore crucial to foster innovation and enable rapid itera-
tion of AR applications tailored for urban regeneration. Collaborative networks
among government agencies, private sector actors, academic institutions, and com-
munity groups further support shared visions and accelerate AR integration into
urban strategies.

The effectiveness of AR in urban regeneration also depends on the completeness
and accessibility of geographic and building data, which underpin high-quality visu-
alization and simulation. Data richness, accuracy, and real-time capability are essen-
tial for realistic representations and scientifically rigorous urban planning. Advanced
GIS can integrate multiple data sources, such as topography, transportation net-
works, and land-use patterns [60, 61], providing precise spatial understanding to
support informed decision-making [56]. Additionally, Building Information Mod-
eling (BIM) enhances AR applications by offering detailed digital representations
of buildings, including 3D geometry, material properties, and spatial relationships
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[62, 63]. Integrating BIM with AR enables immersive visualization, intuitive evalu-
ation of design alternatives, conflict identification, and optimization of spatial lay-
outs, aligning urban-scale planning with architectural-level details. Standardization
of building data, through frameworks such as Industry Foundation Classes (IFC),
ensures seamless data sharing, system compatibility, and collaborative efficiency
[64]. By combining technological integration with data-driven approaches, AR can
maximize its potential in creating responsive, precise, and innovative urban regen-
eration solutions.

5.1.3 Consequences of AR application in urban regeneration—Enhancing user
experience and planning decision-making

Building upon the established systemic support framework, AR technology can be
effectively applied in urban regeneration to enhance both user experience and plan-
ning-related decision-making. By constructing immersive and interactive scenarios,
AR significantly improves public perception and understanding of urban spatial
transformations [65, 66]. For example, the City View AR project in New Zealand
vividly illustrates the cityscape before and after an earthquake, deepening users’ his-
torical and cultural awareness while fostering emotional engagement [67, 68]. Such
intuitive experiential approaches strengthen public comprehension and lay a founda-
tion for more meaningful participation in urban planning.

Beyond enhancing user experience, AR supports data-driven and evidence-based
planning. By overlaying real-time data streams with virtual information, AR pro-
vides powerful visualization tools that aid in evaluating design alternatives and
informing decisions [69]. The “Virtual Singapore” project demonstrates that AR-
enabled urban digital twins can improve infrastructure management, optimize urban
planning, and offer reliable evidence to guide regeneration strategies [70]. Further-
more, AR transforms abstract planning proposals into intuitive visual scenarios,
improving transparency, credibility, and stakeholder trust in decision-making pro-
cesses [71, 72]. It also facilitates the scientific assessment of environmental and
social impacts, providing critical support for sustainable urban development [73].

The multifaceted benefits of AR underscore its strategic significance in urban
regeneration. Accordingly, systematic planning of AR deployment across differ-
ent project stages is essential. The following section introduces a semantic decision
matrix to outline differentiated implementation strategies for AR across pre-, mid-,
and post-regeneration phases, offering practical guidance for maximizing both user
engagement and decision-making effectiveness.

5.2 Semantic decision matrix: AR is applied in the pre-/on-/post-regeneration
phase

To address the “implementation paradox” of AR in urban regeneration, this section
proposes a semantic decision matrix encompassing the entire regeneration process
(Fig. 6). Based on a socio-technical perspective, the framework conceptualizes AR
as a collaborative medium that interconnects technological infrastructures and social
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dynamics. Within this model, AR assumes distinct yet complementary roles across
the pre-regeneration, implementation, and post-regeneration phases. By adapting
how it works and how people interact with it, AR can help make decisions based
on real data, involve the public in design, and assess projects at every stage of the
regeneration process. Rather than positioning AR merely as a visualization instru-
ment, this framework underscores its mediating function in aligning technological
innovation with societal needs, thereby steering urban regeneration toward more
inclusive and sustainable development trajectories.

5.2.1 ARis applied in the pre-regeneration phase

Within the proposed socio-technical framework, the preparatory phase marks the
first critical transformation of AR—from a representational tool to a predictive and
collaborative platform. Rather than serving as a post-visualization aid, AR is here
conceptualized as an integrative interface, connecting Al-driven data analytics, IoT
inputs, and public knowledge systems to facilitate shared foresight and collective
decision-making. This requires a purposeful integration of AR with the Internet of
Things (IoT), big data, and artificial intelligence (Al) to create a sophisticated socio-
technical system [74, 75]. High-performance computing forms the critical backbone
for such real-time, multi-stakeholder platforms [76], enabling a fundamental shift
from the traditional, often fragmented planning methods toward a comprehensive
and dynamic approach.

Within this integrated framework, Al and machine learning algorithms process
complex urban datasets, including data from social media, Internet of Things sen-
sors, and demographic studies, to create highly accurate virtual models and fore-
cast the results of different planning scenarios [77-79]. This capability allows for
the simulation of critical factors such as energy consumption under different envi-
ronmental conditions, directly informing the optimization of building designs to
pre-emptively mitigate operational carbon emissions [24]. However, the true trans-
formative potential of this technological convergence lies not merely in enhancing
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technical precision for experts, but in its capacity to democratize the planning
process.

To counter the prevailing paradigm where public participation is often limited to
a passive “experience” of finalized plans [70], AR must be leveraged as a boundary
object. It can translate complex data and expert models into immersive, intuitive vis-
ualizations accessible to all stakeholders [66]. By allowing residents to experience
and engage with proposed changes, including new public spaces and infrastructure
upgrades, before they are implemented [80, 81], AR promotes a deeper understand-
ing and supports more informed and collaborative feedback. The future prolifera-
tion of intuitive, lightweight AR devices [82] will further lower the barrier to entry,
empowering citizens to actively co-explore design alternatives and contribute to a
planning process that is genuinely transparent, inclusive, and responsive to commu-
nity needs [81, 83]. This shift from a purely data-driven to an experience-driven
and consensus-building methodology is essential for AR to fulfill its role in the pre-
paratory phase, ensuring that urban regeneration strategies are not only scientifically
robust but also socially legitimate.

5.2.2 ARis applied in the process of regeneration

In the implementation phase, the proposed framework positions AR as a dual media-
tor—simultaneously coordinating technical precision and fostering social engage-
ment. This duality embodies the framework’s originality: Technological efficiency
and civic transparency are not separate goals but interdependent processes medi-
ated by AR interfaces. During the implementation phase, Augmented Reality trans-
forms from a planning tool into a dynamic platform for on-site execution and public
engagement [84], addressing the gap between technical precision and social integra-
tion. Its applications expand across construction management and public services,
serving dual roles in enhancing operational efficiency and community interaction
[85].

On construction sites, AR bridges digital models and physical execution through
real-time data overlay. AR provides real-time access to project drawings, specifica-
tions, and operational data, allowing builders to overlay digital information onto
physical sites [86]. This real-time augmentation facilitates precise adherence to
design standards, reducing errors, minimizing rework, and enhancing overall con-
struction efficiency [22]. Beyond operational accuracy, AR contributes directly to
the safety and preparedness of construction personnel. Through immersive simula-
tions of potential hazards and diverse operational scenarios, AR offers experiential
training that improves practical skills, risk awareness, and emergency responsive-
ness, thereby mitigating the likelihood of on-site accidents [87]. These capabilities
position AR as an indispensable tool for construction management, establishing AR
as crucial for efficient and safe project delivery.

Concurrently, AR reshapes public engagement through intuitive interaction
modes such as gesture control, voice commands, and eye tracking [88-90], mak-
ing complex urban information more accessible. Beyond passive observation, AR
enables active participation, allowing citizens to explore interactive simulations
of construction progress, proposed infrastructural changes, and historical urban
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environments [91, 92]. This immersive experience fosters a firsthand understanding
of urban transformation, supporting informed feedback and collaborative decision-
making [93]. Personalized AR applications further tailor content to individual needs
and local contexts, enhancing relevance and engagement. By democratizing access
to planning knowledge, AR strengthens the alignment between technical objec-
tives and community expectations, promoting socially robust and transparent urban
regeneration.

This dual function of augmented reality, enhancing both construction operations
and public engagement, positions it as a key mediator between technical execution
and social perception. By acting at the same time as a tool for precision and a plat-
form for communication, augmented reality bridges the gap between digital capa-
bilities and community needs.

5.2.3 ARis applied in the post-regeneration phase

In the post-regeneration phase, the proposed framework extends the role of AR
beyond project completion, closing the loop between regeneration outcomes and
long-term urban governance. AR functions as a custodial interface—sustaining the
dialogue between citizens, infrastructure, and data systems through continuous visu-
alization and monitoring. This perspective highlights AR as a persistent governance
mechanism embedded within the smart city lifecycle.

AR plays a vital role in cultural heritage preservation, environmental sustainabil-
ity, and digital monitoring. AR technology enhances visitor experiences by virtu-
ally reconstructing historical buildings and cultural relics, providing a solid founda-
tion for digital documentation and long-term preservation of cultural heritage. For
instance, visitors can use AR devices to view reconstructions of historical buildings,
gaining profound insights into their historical context and cultural atmosphere [49].
This virtual reconstruction not only preserves these historical sites in digital form
but also provides detailed reference materials for potential future restorations [94],
thereby effectively safeguarding and transmitting cultural assets.

Simultaneously, integrating AR technology with the Internet of Things (IoT)
offers new possibilities for providing a custodian for ameliorating the effects of over-
development and environmental pollution caused by urban regeneration today and
real-time monitoring of urban environmental quality [95]. By collecting and ana-
lyzing real-time data on air quality, noise pollution, and other environmental fac-
tors, AR technology provides precise scientific evidence for city managers [24].
This ‘data-driven monitoring system aids in the immediate identification of pollu-
tion sources and the evaluation of environmental management measures, facilitat-
ing the development of more effective strategies to improve environmental quality
and further promote sustainable urban development [96]. This optimization not
only enhances the scientific and precise nature of building design but also drives
the construction industry toward more environmentally friendly and energy-efficient
practices.

Furthermore, in the emerging landscape of smart city management, AR’s capac-
ity for real-time visualization and decision support fundamentally transforms main-
tenance and emergency response [97, 98]. City operators can visualize infrastructure
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faults or environmental changes instantaneously, improving responsiveness and
public safety. In critical incidents, AR-assisted displays of building structures, haz-
ard zones, and evacuation routes enhance emergency coordination. Through these
continuous feedback-oriented applications, the framework fulfills its ultimate objec-
tive by transforming augmented reality into a living socio-technical mediator that
promotes transparency, resilience, and active citizen participation well beyond the
completion of the physical regeneration process.

5.2.4 Caseillustration

The originality of the proposed framework lies in its systemic reconceptualization of
augmented reality as a socio-technical mediator rather than a stand-alone visualiza-
tion technology. In contrast to previous studies that regard augmented reality mainly
as a supporting tool for communication or simulation, this framework introduces
an integrated three-phase logic encompassing the pre-regeneration, implementation,
and post-regeneration stages. Each phase establishes a dynamic linkage between
technological infrastructure and social governance processes. Within this structure,
augmented reality is redefined as a boundary object, a dual mediator, and a custodial
interface that gradually embeds itself into the decision-making, operation, and gov-
ernance dimensions of urban regeneration. To illustrate its practical use, consider
the revitalization of a historic district aiming to balance heritage conservation with
urban vitality.

In the pre-regeneration phase, planners employ AR integrated with GIS and BIM
data to visualize alternative design options. Residents use mobile AR devices to
view potential facades and public space layouts overlaid on-site, providing direct
feedback that informs revisions. During the implementation phase, contractors
utilize AR overlays to ensure construction precision and compliance with herit-
age guidelines, while the public can observe real-time progress through interactive
AR dashboards. In the post-regeneration phase, AR supports smart heritage man-
agement and environmental monitoring by linking IoT data to visual layers, allow-
ing both visitors and city managers to experience and evaluate the renewed district
dynamically.

This case demonstrates how the framework transforms AR from a representa-
tional medium into a strategic governance instrument—bridging predictive plan-
ning, operational execution, and adaptive urban stewardship within a single socio-
technical continuum.

5.3 Technical considerations

The application of AR in urban regeneration is constrained by both technical and
operational factors that directly affect usability, scalability, and adoption. Under-
standing these constraints is essential to ensure that future research agendas are not
only conceptually innovative but also practically executable within real-world plan-
ning environments.
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5.3.1 Technical requirements

Effective deployment demands high-performance computing resources and inte-
grated system architectures. Real-time rendering, object recognition, and interactive
visualization rely on powerful graphics processors, optimized three-dimensional
modeling, and low-latency networks [99]. AR systems for urban planning also
require integration of heterogeneous data sources, including GIS, BIM, sensor net-
works, and socioeconomic datasets, which impose significant processing and storage
burdens [100, 101]. Future research should explore distributed and edge computing,
adaptive rendering pipelines, and cloud-based visualization to support large-scale,
complex urban environments [102].

5.3.2 Operational constraints

Beyond technical performance, adoption is limited by data accessibility, interoper-
ability, and user proficiency. Urban data are often fragmented across institutions and
subject to privacy or regulatory restrictions, while planners and policymakers may
face steep learning curves. Institutional readiness and cost factors, such as expensive
AR hardware and maintenance, further hinder widespread use [103]. Addressing
these constraints requires standardized data protocols, user-centered interfaces, and
cost-effective hardware solutions.

Systematically tackling these technical and operational challenges will enhance
AR’s practical feasibility, enabling research to move from conceptual innova-
tion toward sustainable, context-sensitive, and equitable applications in urban
decision-making.

6 Conclusion and limitations
6.1 Conclusion

This study has systematically investigated the multifaceted role of Augmented Real-
ity (AR) in urban regeneration decision-making through a Systematic Quantitative
Literature Review (SQLR). The bibliometric and thematic analyses revealed a criti-
cal “implementation paradox”: While AR’s technical capabilities in visualization
and simulation have advanced rapidly, its potential as a tool for participatory gov-
ernance and social embedding remains largely unfulfilled. This paradox stems from
a structural disconnect between technological research and socio-political inquiry
within the field.

In response, this research makes a primary theoretical contribution by construct-
ing an integrative framework comprising four foundational prerequisites. These pre-
requisites are indispensable for reconfiguring AR from a set of isolated tools into
a boundary object that effectively bridges technical rationality and social practice.
Furthermore, the study provides a forward-looking strategic tool—the Seman-
tic Decision Matrix, which maps AR’s evolving functional value across the pre-,
on-, and post-regeneration timeline. This matrix offers a pragmatic roadmap for
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670 researchers and practitioners to prioritize development efforts and navigate the com-
671  plex socio-technical landscape of urban regeneration, thereby enhancing transpar-
672 ency, inclusivity, and long-term sustainability in decision-making.

673 6.2 Limitations

674 While this study provides a comprehensive synthesis, several limitations must be
675 acknowledged. Firstly, the methodological scope was constrained by the selection
676 of bibliographic databases (Web of Science and Scopus) and the analytical tool
677 (VOSviewer). Although these are standard and reputable sources, their coverage
678 may underrepresent pertinent studies published in conference proceedings, books,
679 or languages other than English. Future research could benefit from incorporating
680 additional databases (e.g., IEEE Xplore, Google Scholar) and employing comple-
681 mentary bibliometric or qualitative analysis software to triangulate findings.

682 More critically, this study is subject to inherent theoretical and perspectival limi-
683 tations. The proposed framework and matrix, while designed to be integrative, are XYl
684 inherently shaped by the current discourse in the literature, which is itself domi-
685 nated by technological and policy-oriented perspectives. This may lead to an over-
686 systematization of AR’s role, potentially underestimating the emergent, nonlinear,
687 and often politically charged nature of urban regeneration processes in practice. For
688 instance, the framework might inadequately account for deep-seated power imbal-
689 ances, community resistance, or political economies that can override technological
690 rationality, limiting the transformative impact of AR as a boundary object.
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