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Abstract: This paper presents a comprehensive scoping review of the application of 3D
digital technologies in the documentation, conservation, and management of historic gar-
dens and related cultural heritage. By analyzing a curated selection of literature, this
study assessed the current state of research, highlighting trends in publications, the geo-
graphic distribution of contributors, and the key technologies employed. Using bibliometric
methods and visualization tools, followed by a case study review, this review identified
significant research hotspots and technical methodologies, particularly focusing on ad-
vanced techniques such as mobile laser scanning, UAV photogrammetry, and point cloud
processing and their relationships with end users. The findings emphasize the importance
of integrating multiple technologies to capture the diverse elements of historic gardens,
including architectural features, vegetation, and topography. This review also underscores
the significance of dynamic landscapes facing challenges posed by environmental degrada-
tion and urban development pressures. Moreover, it discusses the limitations of existing
research and outlines future opportunities, such as the development of 4D documentation
systems and the incorporation of Al for improving heritage management. This paper
concludes by recommending interdisciplinary collaboration and public engagement to
enhance the accessibility, understanding, and sustainable management of historic gardens
through innovative technological applications.

Keywords: historic gardens; 3D digital technologies; cultural landscapes; cultural heritage;
geomatics; point cloud; scoping review

1. Introduction

Three dimensional (3D) digital technologies enable the creation of highly detailed and
accurate digital 3D models with computer-based tools and processes [1], which can be
used for a wide range of purposes, from research and conservation to education and public
engagement in Cultural Heritage (CH) [2].

This paper conducted a scoping review of literature to explore the application of 3D
digital technologies in historic gardens and related heritage objects and then presents the
topic in detail through some case studies. It aimed to address the growing acknowledge-
ment of the geomatics field’s contribution to this field. This study examined suitable and
promising 3D digital technologies for application in Historic Gardens.
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1.1. Historic Garden

Currently, historic gardens constitute a distinct and delicate subtype within the do-
main of CH. Primarily, the garden’s structure is inherently fragile; its principal, albeit not
exclusive, focal plant elements are susceptible to significant damage even from brief periods
of neglect and exhibit a dynamic quality shaped by vegetation growth, climatic fluctuations,
and management decisions. Some historical gardens, born as private villa gardens and later
transformed into public gardens or parks, have undergone great transformations that, in
most cases, fail to preserve their original values and are often now man-aged like a common
green public area. Conversely, it is currently acknowledged that gardens, especially in
urban areas, serve as a significant element of the landscape and as a pivotal component in
shaping the cultural identity of the local populace residing near the gardens [3].

Historic gardens are an essential part of Cultural Heritage, reflecting the artistic, ar-
chitectural, and horticultural styles of different eras and cultures. The Florence Charter,
adopted by the International Council on Monuments and Sites (ICOMOS) in 1982, defines
a historic garden as “an architectural and horticultural composition of interest to the public
from the historical or artistic point of view” [4]. These gardens are considered living monu-
ments that encompass a wide range of green spaces, from small formal gardens to expansive
landscape parks. They combine permanent features, such as layout, topography, structures,
and decorative elements, with the dynamic and perishable nature of vegetation [4].

According to the “Italian Charter of Historic Gardens” drafted in 1981, the historic
garden, like architecture, can be understood as a palimpsest, a text repeatedly written and
rewritten, possessing its own material consistency, with sedimented and stratified signs
that cannot be erased [4,5].

Surveying gardens is essential and crucial to supporting documentation, study, analy-
sis, and historical field research. In particular, the survey is indispensable in documenting
any remaining evidence of gardens that no longer exist.

As a type of cultural landscape listed in the UNESCO Operational Guidelines (2023) [6],
a historic garden could be “an area, perceived by people, whose character is the result of
the action and interaction of natural and/or human factors” [7].

Historic gardens face numerous challenges today, such as natural deterioration, inade-
quate maintenance, and pressure from urban development [8]. Natural and human-induced
disasters present substantial threats to these delicate landscapes, highlighting the need for
comprehensive disaster risk management and consistent maintenance efforts. To ensure
their preservation for future generations, detailed management plans that incorporate main-
tenance, conservation, restoration, and, in certain instances, reconstruction, are crucial [4,9].

These plans should be grounded in thorough research and documentation, utiliz-
ing modern technologies and fostering collaboration among experts from multiple disci-
plines [4,10]. Furthermore, raising public awareness and promoting the value of historic
gardens through education, research, and enhanced accessibility are essential for their
long-term conservation [4,11].

1.2. 3D Digital Technologies

The application of 3D digital technologies has become increasingly prevalent in the
field of CH, especially the tangible cultural heritage, offering numerous benefits and
opportunities ranging from documentary research for preservation to digital applications
for public engagement. These cutting-edge tools enable the creation of detailed, accurate,
and immersive digital representations of cultural assets, such as artifacts, monuments, and
sites, by capturing, modeling and visualizing them in a digital format. The process of
creating digital representations involves several steps, including data acquisition [12-14],
data processing [15], modeling [16-18], texturing [18,19], and visualization [20-22]. Various
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ICOMOS has actively advocated for the purposeful and organized use of digital
technologies, including 3D surveying, modeling, and information management, in Cultural
Heritage projects [30].

In the field of historic gardens, 3D digital technologies have been making increasingly
significant contributions and can become a beneficial tool to support heritage conservation
efforts. For instance, Unmanned Aerial Vehicle (UAV) photogrammetry, Airborne Laser
Scanning (ALS), Mobile Laser Scanning (MLS), Terrestrial Laser Scanning (TLS) or other
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3D surveying techniques have been applied to historic gardens to acquire point cloud data
and obtain satisfying and complete 3D geometric information [16,31,32].

By collaborating with other digital techniques including Geographic Information
Systems (GIS), Information modeling, VR, AR or other Web-based technologies, 3D models
of garden objects can be used for information management, interactive visualization, or
stakeholder collaborations of garden heritage [33-35].

Historic gardens or parks are often extensive in scale, with abundant, diverse, and
complex heritage elements. The application of 3D digital technologies to historic gardens,
compared to other heritage assets like historical buildings and archaeological sites, can be
more complicated and require different technologies and skills [36].

Digitizing historic gardens can mean a range from cartographic scale to high-detail
objects. For instance, historic gardens possess a lot of different spatial features and patterns
of dynamic change. Many technologies are needed to capture and record their topography,
architectural structures, and vegetation, providing a reliable data foundation for subsequent
stages (investigate, preserve, manage, etc.).

The optimal application of the digitizing process to historic gardens can actively
contribute to their maintenance and conservation, provide valid metric support, and serve
as a starting point for any other management tools (CAD, GIS, WEB, etc.).

1.4. Objectives

This article sought to explore and illuminate the current state of advanced 3D digital
technologies in historic gardens and related heritage objects. It thoughtfully examined the
diverse techniques and tools employed in this realm and aspired to uncover opportunities
and areas for further exploration within this field of research.

1.5. Scope

A scoping review presents an overview of a broad topic from a potentially large and
diverse body of literature, sharing a rigorous and transparent method for comprehensive
identification and analysis [37].

The scope of this review was defined based on the three conceptual constructs to
explore the application of 3D digital technologies in historic gardens and related cultural
heritage. A comprehensive list of key terms for the literature search was developed (Table 1).

Table 1. Key search terms.

Adjectives for Heritage Garden 3D Digital Technologies
Construct Construct Construct
Historic Garden Point cloud
Historical Park 3D survey
Heritage 3D modeling
Archeological 3D visualization

To comprehensively obtain literature related to this topic, the concept of “historic
garden” was divided into two conceptual constructs. In the “Adjectives for Heritage Con-
struct”, similar adjectives such as “Historic”, “Historical”, “Heritage”, and “Archaeological”
were used to present the historical values of objects. According to the definition and scope
of the historic garden [4], in the “Garden Construct”, in addition to the common key term
“Garden”, “Park” was included to represent gardens and related objects. Regarding 3D
digital technologies, this article focused on 3D data acquisition, processing, modeling and

visualization of heritage objects, and the point cloud as a fundamental component. There-
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fore, “Point Cloud”, “3D Survey”, “3D Modeling” and “3D Visualization” were selected as
key terms in this conceptual construct to explore the applications of 3D digital technologies.

1.6. Structure of Scoping Review

This article critically selects and reviews current international research papers on the
application of 3D digital technologies in historic gardens and related fields. The structure
of a scoping review covers five parts [37]:

1. Identifying research question(s);

2. Searching for literature;
3. Selecting studies;
4.  Extracting and mapping data;
5. Synthesizing and reporting the results.
Based on the research objectives, three review questions are posed in this article:
e  What is the current state in this research field?

e  How are 3D digital technologies applied to historic gardens and related heritage objects?
e  What could be the current gaps, and which 3D digital techniques and tools could be
more suitable or promising for this research field?

To answer these questions, this paper continued the review by identifying relevant
articles using key search terms and predefined inclusion/exclusion criteria. The selected
articles were then subjected to data extraction and analysis. Based on the synthesized
results, this paper discussed current gaps in literature and proposed potential directions
for future research within this field of study.

2. Materials and Methods

This scoping review followed the PRISMA-ScR guidelines [38]. This section details
the eligibility criteria, information sources, search strategy, and the process for selecting
evidence sources based on inclusion and exclusion criteria. It also includes the key search
terms used, the data charting process, the specific data items collected, and the methods for
critically analyzing and synthesizing the results.

2.1. Eligibility Criteria
The final review papers were selected based on the following inclusion and exclu-

sion criteria:

e  Articles published in English or in other languages with available English translations
were included.

e  Books or conference proceedings were excluded.

e  Articles not related to heritage, gardens and 3D digital technologies were excluded.

e  Only articles with full text access were included.

2.2. Search Process

To identify relevant studies for the research topic, two comprehensive database
searches were conducted based on key search terms, and the literature search process
concluded with the final queries executed during January 2025:

e InScopus, the search query employed a combination of keywords that were found in
the article’s title, abstract or author keywords, specifically: TITLE-ABS-KEY ((“His-
toric” OR “Historical” OR “Heritage” OR “Archaeological”) AND (“Garden” OR
“Park”) AND (“Point cloud” OR “3D Survey” OR “3D Modeling” OR “3D Visualiza-
tion”)). This initial search yielded a total of 158 records.
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e  In Web of Science, records where the search terms appeared in any part of the database
record were retrieved. In detail: ALL = ((“Historic” OR “Historical” OR “Heritage” OR
“Archaeological”) AND (“Garden” OR “Park”) AND (“Point cloud” OR “3D Survey”
OR “3D Modeling” OR “3D Visualization”)). The preliminary search query resulted in
the retrieval of 103 records.

Finally, a total of 261 studies were identified (Table 2).

Table 2. Search results (8 January 2025).

Adjectives for Heritage Garden 3D Digital Technologies
Construct Construct Construct Number of Studies
(AND) (AND) (AND)
Historic OR Historical OR Point cloud OR 3D survey OR 3D 158 in Scopus

Garden OR Park

Heritage OR Archeological modeling OR 3D visualization 103 in Web of Science

2.3. Screening

The screening process involved systematically evaluating the eligibility of each ar-
ticle by reading the titles, keywords and abstracts of all records and applying the inclu-
sion/exclusion criteria initially. If an article was deemed to meet the criteria, the full
text would be accessed online and selected if available. The full text of the records was
reevaluated against the eligibility criteria to obtain final review articles. Figure 2 illustrates
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2.4. Data Charting

Data from the included articles were extracted and entered into a custom-designed
data sheet addressing the three review questions and review objectives. The extracted data
categories included:

1.  Reference: Author(s)/Date of publication;

2. Source: Publishers/Journals or organizations contributing to academic work;

3. Country (for studies with authors from different countries, the affiliations were
grouped under “International cooperation” or “European cooperation”);

Types of heritage studied;

Location of heritage;

3D digital techniques and tools applied;

N oGk

Objectives and results.

For Reference, Source and Country data, information was gathered after retrieving the
relevant articles. Other data were extracted from the abstracts or full texts. These data were
subsequently analyzed and synthesized to address the research questions and objectives.

2.5. Analysis and Synthesis

Two primary methods were employed for the analysis and synthesis of the extracted
data and papers included. Firstly, bibliometric methods and statistical functions were
applied to analyze the Reference, Source, and Country data, with the aim of evaluating the
impact, performance, and characteristics of the research outputs within this specific field of
study [39]. This analysis provided insights into influential publications, key authors, and
the geographical distribution of research activities.

Subsequently, the data extracted from abstracts or full texts were organized into key-
word groupings and analyzed using the same bibliometric approach. This categorization
facilitated the identification of prevalent technical methods and tools, as well as the research
focus concerning various heritage objects and their respective locations. Through synthe-
sis, the relationships and interconnectedness among the papers were explored, revealing
potential patterns and trends within the discipline.

Finally, building upon these analyses, a case study review method was employed
to conduct an in-depth examination of selected cases from the reviewed papers, thereby
enhancing the understanding of the practice of 3D digital technologies in historic gardens
and related elements.

3. Results

This section presents a comprehensive analysis and synthesis of the findings from the
included studies. The first part employed bibliometric techniques and data visualization to
provide an overview of the literature. The second part provided a detailed examination
of the methods employed in the selected studies and their implications through case
study review. These findings contribute to a deeper understanding of the current state of
knowledge in this specific research field and are further discussed in the following section.

3.1. Overview of the Included Studies
3.1.1. Interannual Distribution of Paper

Since 2001, the application of 3D digital technologies has become increasingly promi-
nent in this research field as evidenced by the growing volume of publications on this topic
(Figure 3).
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Italy has a robust and active research community dedicated to exploring the applications
of 3D digital technologies in historic gardens and associated fields [40]. The country’s rich
Cultural Heritage, numerous historical sites, and strong emphasis on preservation and
conservation may have contributed to this significant research output. China follows Italy
as the country with the second-highest number of publications, indicating a substantial
research interest and expertise in this domain. The presence of several historic gardens and
a vibrant research community in China may have fueled this notable contribution to the
field. Except for national cooperation, international cooperation and European cooperation
indicate that collaborative initiatives and research inputs from diverse global regions are
influencing the application of 3D digital technologies in historic gardens.

3.1.3. Distribution of Authors
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cations, which highlight the growing trend of technological collaboration and interdisci-
plinary integration in this domain.
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Table 3. Representative journals or conferences and proceedings [42].
Source Title Type Covering the Categories h-Index Publisher Number of
M verng 8 Selected
International Archives
of the International
Photogrammetry, Conferences and Geography; Planning apd Society for
Remote Sensing and . Development; Information 87 Photogrammetry 15
. . Proceedings
Spatial Information Systems and Remote
Sciences—ISPRS Sensing
Archives
ISPRS Annals of the
Photogrammetry, Earth and Planetary Sciences; .
. Conferences and . . Copernicus
Remote Sensing and . Environmental Science; 53 3
. . Proceedings . GmbH
Spatial Information Instrumentation
Sciences
Archeology (Q1); Archeology
(arts and humanities) (Q1);
Conservation (Q1); Chemistry Sprineer Science
Heritage Science Journals (miscellaneous) (Q2); Computer 35 pring . 3
. N + Business Media
Science Applications (Q2);
Materials Science (miscellaneous)
(Q2); Spectroscopy (Q2)
Urban Forestry & Ecology (Q1); Forestry (Q1); Soil .
Urban Greening Journals Science (Q1) 117 Elsevier GmbH 2
Anthropology (Q1); Archeology
(arts and humanities) (Q1);
Conservation (Q1); Economics,
Econometrics and Finance
Journal of Cultural (miscellaneous) (Q1); History Elsevier Masson
Heritage Journals (Q1); Chemistry (miscellaneous) 84 s.r.l. 2
(Q2); Computer Science
Applications (Q2); Materials
Science (miscellaneous) (Q2);
Spectroscopy (Q2)
. Archeology (Q1); A.rcheology Universitat
Virtual Archaeology (arts and humanities) (Q1); . .
. Journals . 17 Politecnica de 2
Review Conservation (Q1); Computer Valencia
Science Applications (Q3)
e Public Library of
PLoS ONE Journals Multidisciplinary (Q1) 435 Science 1
Building and Construction (Q1);
AUTOMATION IN Civil and Structural Engineering .
CONSTRUCTION Journals (Q1); Control and Systems 176 Elsevier B.V. 1
Engineering (Q1)
Geography, Planning and
Development (Q1); Computer
Networks and Communications
(Q2); Energy Engineering and
Power Technology (Q2); Multidisciplinary
Sustainability Journals Environmental Science 169 Digital 1
(Switzerland) (miscellaneous) (Q2); Hardware Publishing
and Architecture (Q2); Institute (MDPI)
Management, Monitoring, Policy
and Law (Q2); Renewable Energy,
Sustainability and the
Environment (Q2)
Landslides Journals Geotechnical Engineering and 113 Springer Verlag 1

Engineering Geology (Q1)
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characteristics of historic gardens in each country. Moreover, the choice and application of
digital technologies in these studies are determined by the scale and features of the research
objects. The diverse range of heritage objects within historic gardens, from individual
elements like trees and fountains to larger structures such as towers and villas, requires
tailored technological approaches.
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3.1.7. 3D Digital Technologies in Historic Gardens and Their Use by End Users
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By examining the various end uses of the acquired 3D data, ranging from visualiza-
tion and research to conservation planning and public engagement, this analysis demon-
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applying these technologies. This focus on user-centered design and participatory meth-
odologies reflects the growing recognition of the social and cultural dimensions of herit-
age preservation, as well as the necessity for inclusive and collaborative strategies ingadesg

UAV Photogrammetry

Terrestrial L

Terrestrial Photogr:

Spherial Pho

Mobile LasersS¢

Macro Structured Light Scanning g/

a——
Ground Penetrating Radar ///

/o
Airborne LasgrSeanning
o

3D Survey Techniques

guarding Cultural Heritage:

\Web-based Visualization Visualization

Web-based Technologies Sustainable Mangement

L L e Gls Restoration

7 Misuafization Techniques Research and Analysis
\u‘m;.a[ Reality Reconstruction

Tred Species Classification Preservation and Canservation
~" Machine Learning Planning

" internetor Things Management Nan-experts

7GIS Knowledge Sharing : g - 7 Expens
Cjﬂ;ﬁ};l‘]l-Er Vision Engagement.

i BIM Education

) ..Au;g;nenled Reality Economic Opportinities

Documentation

Collabaration

eling Accessibility

Monumen ﬁq_y?yp‘litrﬁyi_\dmss — 3|jbabrigaﬁun 3D Model Library

Type of Heritage Digital Technologies 3D Data Use End Users

FioevesSRBElRtRnRies Anans PRt e aussrRerifags phicetsanckaneesLs-

30 KeB ﬁﬁ%sining the various end uses of the acquired 3D data, ranging from visualization

and research to conservation planning and public engagement, this analysis demonstrated
the PHFLRAIG SR deneaty drslingrgardons and Bayks: filintdn b sindeaniists sfuplsig:
fisapces 2pdeve nsedteiRes dirreasssdirspprdnfan co isorbistthabn
iggialdeghelngictAp b haethedcatsrredn dnsisiscisd sass e sbistiepinied @ Jansss
of AR LeRLsSsEtakon goals, from capturing individual garden elements to documenting
entirelﬁffél%‘?rﬁ%?&%glﬁgﬁ\ework recognizes the importance of addressing the needs and
perspaefideR stedissalse sxaminadédhe uselargnaic oA PR ALUIeR f98 SUISig
ing piskpicigrdens IRandisgissedihe sireneths Aod limittignteofothatapsthads sndy
highlighist hewrdRedishal daio sy ldbssaprbisdinnRrasticalanays thsin SWPof
PREH R S PRECLVOLIOBN ST 1 PRL 1R R AR LR A VST AT RIS SREPS o TS0 8RR S AR
S%@l&?&[@%ﬁ%ﬁl%&%’[ﬁ%@be adapted to address the unique requirements of differ-

ent historic gardens, making them valuable tools for both preservation and sustainable
ud&. Key Studies

GepnpiticstadunguerranraseBh Al besiy pioaldor TRia i gt gegguesied fechni k-
digyeige AREBERIRPspIeR PRI Mg dHiRFeAvasl dbledoy ereriches s RB dIeoResT 3D
telis:i 141 Hechinstodiversed s iy varinghidhe Tiisteseentint sieprarideidliphsnanbleatose
sBEdING sRistens #oe SEERNIEEIE angtRIREINg Rln sPpseNeatdBABAY AgemRRh Afrg
tisfitigs-garden or park areas.

Thielnjseduetinn sbpevatashawlogiasetopleamndtinetboaitdtprostrmiagdsitusvey-
vREgRoeRessatind. it oy i esselap pireg 2ehy Hivg 1 Hheistn o fithes# inelhe dbapd
ingahostdégited wapidisppliad indha d eclppmentrapémratgemsnt ishistuiegadsport-

ing conservation efforts and enhancing visitor experiences. The research demonstrated how

3D technologies can be adapted to address the unique requirements of different historic
gardens, making them valuable tools for both preservation and sustainable use.
Geomatics techniques represent an effective tool for obtaining the requested technical
drawings and 3D representation and making them available to researchers and conservators.
In its most diverse forms, surveying is the first essential step and indispensable for studying
gardens and organizing and planning their conservation and management activities.
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3.2.1. Survey of Historic Gardens or Parks in the Past
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total fationiat, feopogeapbde, by fvidpin g hischnaiqgesequibdedlatapiitibye amthecteltinliotisly,
anekprsdiagd thrudta soiesitied gfdderidddthdheldneaseiedrpaidtb ghobeseb uhanpetdfage
clapbichtiygre then used to produce 2D technical drawings or basic 3D models (Figure 9).

Figyge & J oppeanpisdebearige nebwork prreticeand visabpepyaseniohl @uerdendsd Josaner the
conigtietgagateiembtiec\Wilka Reale dii Mborras {4B].

320, 3éfgw,&ppﬁg{8pﬁimgﬁi§1g techniques evolved rapidly and continuously, and

today, the classic ones are flanked with the data generated by a laser scanner or image
lements of a garden are diverse and intricate. Each feature, from plants'to ar-

elago{‘eaﬁon.
chitectural structures, holds symbolic meanings connected to culture, philosophy, or reli-
gidr.- TS meariofgdistoratdoansitosted in the spatial relationships between elements. For
a long fiheeglhagptesef vagiandemdrd eliekopenant aftgandengaehddatnainlren plantaeping
toalshitectachinitiuetures, holds symbolic meanings connected to culture, philosophy, or

religisw, Fokssriedniagsnotoisesglentddmibesrasiabralafdenchine Heloy M elgments gar-
defier adpegitime dhr BresebitioR e deelopReR & Brg dertie)ipsl ane LIRS SHRARBIRS col-
ledeglianddssiBigHstion about individual objects. Researchers also combine various tech-
niques to create full 3D models of entire gardens. These models are used with other tools,
supporting conservation and management, offering a deeper understanding of the garden
as a whole.



Heritage 2025, 8, 46 15 of 29

Heritage 2025, 8, x FOR PEER REVIEW 16 of 30

Now, advanced technologies provide more options for capturing 3D data. In gardens,
especially classical ones, different 3D surveying methods are being explored to collect de-
.Ii' errestrial Laser Scanners can qapture reality with a_massive number of points and
tailed informatiofr abotit individual ébjects. Researchers also combine various fechniques to
resQBLHORASSIS SHshaRoSF ding e R Rl ngd drgetu [0S WIRrS R SARIRE Hing
reality has become mare efficient and fast compared to the labor-intgnsive task of cop-
conservation and management, 6fferinig a deepér understanding of the’garden as a whole.

ductingra, COMPIFRSAZIVE AAREY & hne%al%t@%%lra%ﬁ#y’nwﬁmvedggﬁg&&&%&%ﬁ)&%%?&;%nd
forfs 8 manasna-thg Yash:Mapth e Jakeebtoingd by the The hrvesisrfpniisp
creasifly ATREEShiR s ke RHERR AcH YA Semired PoAnt L HEYSve task of conduct-
ing S ISHBreRERs|? IR ReThE D ESHARA0BRC RN S HSAHSYQ e P Srts
de&%ﬁrﬁ%ﬁ%ﬂ‘g’ﬁfﬂsﬁ%%ﬂ?ﬁfHP&%%S?BbH}%?eH‘%%% PIRCAIAY SUiaRls Y, MthiSed
BALGARSa et NS TR SIS A0y PEGSALS BY AilFasteRt strheay, they cover relatively
small apeqs b Frepievliadgdsedensesitigd HhadR selbsetidetad e 3bifrp el dptire
of iR RBHRr S ASHRIRECRIAING LS ArGhiRGREL9Y oL BaLANT s AVBIDF AL Bric
of B2PdeRs IR ever netdne LsiteRithinodnts evshdet Figey e d0e i 4atively small
ar&ngdhepainsielond shalp it feltglianms ¢owrnazd qthsibadssgsaifiedand of
X peiesh R LTI S r IprlLding EhE S¥atSF CAes¥ 85I ER ok AT S of
anézwrﬁ@mi@glﬁ%‘éwﬁmf&édTﬂwgi%%fevm&oﬁm13&%9‘&&%%%&}1@%%4@? models,

which ultimately supported the conservation and management of these elements.
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UNESCO World Heritage site. The garden covers an area of 2179 ni® afitP features

spatial layers and diverse landscape elements. This approach created accurate 3D m

and 2D drawings of the garden’s intricate spatial elements (Figure 11).
models and orthophgs, INpile L LgiscRIEHRIBIRSI S &AM P THS S ot  element:
tured objects an&tg@%&r&%Jhﬁ&est%éfagns&ﬁﬁlaengxraéy BYiRhRIRE ooRms ¥k vater be
a valuable complespeipt Rarficylarlye ot lr G pRERiRS SHMRIEH HROSAREH AN FOHGHAIES, more s
in vast Culturaf Henifagscoriedsithad arHRROARP IS AL AI99HQELAPRInSEARA to ensure det

In another casg skdy, Liang et al. [45] used a combination of TLS, Terrestrial Digital

Photogrammetry (TORlang Unananmned dveyial Vehisladigited P hntoeramanstios GhNieSation pr
to document Hyapuii shapahuaagd e chingssshissir pantdeo g NEBCOWe kA vDP. T
Heritage site. Thiesad ey ey sieaiparaasd 31 1Dma andfradwigtiishsprtialdaygsa Andhe final 1
diverse landscape lemenits; Jhis sppraacbnepratedcapeuratg 3k madely ard APIerapings relation:
of the garden’sjnirisatespatiahelements (Figure 11).

Figure 11. An oFgsiview1 oA fhevelwaswiyr Shaprhiaag ShEROK) areidax 2nphsjdeftominedestigied survey
techniques: the gardgpdileZ in dureipovs £ g acrahiisN of b dilanoist drurimedehiBlagtialodel; (b)
view of the UA\()?&P&#%&@%@P%A&W@%&& qé)ﬂasr}?arrﬁéwfa‘f%giiaérfég%as@fgmmotogmml
point cloud m"d‘f) ohrgnedth sudfopsrinlofean Af thy RRmain: deusdrpestel ot menslithband Psnonotith |
piled mountain ) il sy of PensERSL PPkl ndz bt ok YU i uavo
right, slicing of laﬁldsc ement $e back ard basedt%n g “F?(rnt C

eright, s 1c1ng of scape lements in yar(}%aseéll on a point cloud [45].

Different surve%(ml%techmques were combined to map Varrous garden elements. For
Chiny ns to _1 C:[)han %ar ns the syrve {9 1irg{ﬂsr5:lelle Car
large-scale features or areas, su § en buildings, atron an wa er 1es

and TLS were sedm c) et%er to ca mﬁcgn tp(fou%lncf)a t eRoboll Cﬁar Sns in Elorence; fombmed

or sma er, more c]structural
? 1y aq, §8cument the ]ﬁaé en’s etr aterral character
complex ob]ects %rr'(e)c ES éﬁle %er C(srenve %ta%) %n ?’dm ¥ O naelu}r(‘)ow spaces
Unlike the ?E)E(Slglfl ?our CC.'frse i run s anr te‘%’ trog roqce)sso Ir)a hic
1nv01v1ng bOth CoalES ustlrllle n stratr % 131t10n met aser ca%/]?) TOVI eF tgu Ere
followed by the mcor altlc([) %tl ? 211 ius t1—steg roceis ensl[lr stiefl F netD &
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diverse elements
CAD drawm? which were essential for planning restoration work.
From Chmese gardens to Italian gardens, the survey of the Giardino delle Camelie
(304 m?), a small but significant portion of the Boboli Gardens in Florence, combined

photogrammetry and TLS to document the garden’s geometric and material characteristics
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In Villa Burba, a combination of IMMS and UAVDP point clouds was used to extract a
DTM of the entire garden, which was represented by contour lines, and a 2D CAD drawing
was produced. The measurements and drawings included the canopies of the trees, denoted
green circles, the trunk sections of the trees at a standard height of 1.30 m from the
Heritage 2025, 8 FB%E&%&%FXIE SURER RUEY15), and the internal and external plans of all the structures, 1nclué191ng the 19

Manor House and other buildings situated on the property.
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ey thee TNy %ﬁﬁ@&r‘%@c&ﬁ& ‘Eﬁﬁ m&ﬂn Backpack [12].
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In the future, improvements in noise reduction for MLS data or enhancements to
SLAM algorithms could make MLS a more competitive option for surveying the natural
parts of gardens.
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nitive barriers for visitors to the archaeological site and museum [51]. The project involved
experts from geomatics, restoration, diagnostics, and architectural design. Unlike typical
3D information systems built for the conservation and management of historic gardens?9

the survey data in this case needed to be interpreted and made available to different users,
assisting in park activities planning and the development of internal facilities.
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395'bther 3D Digital Technologies for Historic Gardens
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gar Qk instance, after acquiring point cloud data from Japanese gardens using laser
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which are essential for the conservation and management of gardens.

In addition to the essential elements that compose a garden, spatial relationships and
visual characteristics are also key features. These aspects are clearly reflected in the overall
3D point cloud data through visualization. To better support professionals in the protection
and management of gardens, one case study used point cloud data to highlight the spatial
and visual relationships within the garden. Jichang Garden, a historic garden in Wuxi,
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In sontrast.to t e rev1ous case studies, where the 3D datasets primarily served pro-
management of herita
fessmnals thls researc demonstrated the application of 3D digital technologies for both
public engagement and scholarly use. Leveraging point cloud data captured through laser
scanning, a dynamic 3D model of the Tropical Botanical Garden in Lisbon, Portugal, was
developed using GIS tools [53]. A spatial database was created to organize data from di-

verse sources, including 3D models of plants, buildings, and sculptures, complemented
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with access to the garden’s historical and botanical data, while also offering researchers
and park managers a comprehensive understanding of the garden’s current condition.
Such integration is instrumental in supporting informed spatial planning and effefétloxg%

management of hprifngp spaces
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presents unique challenges. In this sense, the contribution that different techniques and
sur-vey tools can make is evident. Whether researching historic gardens as a whole or
investigating individual components within them, integrating the strengths of different
technologies should be a key focus of future research.

Combining aerial and ground-based 3D surveying technologies is the most suitable
approach right now. TLS works well for quickly capturing high-resolution data of regular
and complex structures. Photogrammetry is flexible, adaptable to site conditions, and
low-cost. Ground-based photogrammetry can add more details about smaller objects to
data collected with TLS. UAV photogrammetry can cover larger areas effectively. ALS can
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capture even bigger areas and provide information about terrain and landscape patterns.
New mobile mapping systems also bring clear advantages. They allow fast and efficient
collection of 3D digital data. This makes them useful for large and complex sites where
traditional methods may take longer or be less practical. These systems can combine data
from different technologies, improving both speed and accuracy.

Consequently, upcoming studies could prioritize comparing and benchmarking these
technologies in the context of historic gardens, considering their specific requirements, such
as capturing delicate garden features, vegetation, and topography.

In addition to integrating existing technologies to leverage their advantages in this
field, future research could focus on enhancing current techniques or developing novel
technologies. Further development and adaptation of 3D digital tools are necessary to
better cater to the specific requirements of these unique Cultural Heritage assets. One
promising research area is the development of specialized sensors and platforms optimized
for historic garden documentation.

These customized integrated solutions would enable researchers to obtain detailed
and accurate 3D models of historic gardens without compromising the integrity of the site
or its components.

Compared to its use in other cultural heritage fields, such as historical buildings or
monuments, the application of 3D digital technologies to historic gardens is still in the
early stages. There are very few examples of processing or applying 3D data, such as
point clouds, in gardens. Most studies focus on mapping specific elements, like synthetic
structures or 3D tree models. A garden, however, is a whole area with many interconnected
elements. Capturing the 3D point clouds of individual features is only the first step in using
3D technology for gardens.

After obtaining a full 3D point cloud of a garden, it is important to go further. Ad-
vanced processing and analysis of the data are needed to understand spatial relationships
and visual characteristics within the garden. This is the second step. For example, an-
alyzing the arrangement of pathways, structures, and vegetation can reveal key design
patterns. However, gardens are dynamic spaces where natural elements change over time.
Capturing these changes requires adding a time dimension to the 3D data. This is the third
step and is essential for a more accurate representation of historic gardens.

At present, most research focuses on the first step. Applications that address the
second and third steps are still rare. Combining methods for 3D modeling with time-based
data collection could help reveal the spatial and temporal dynamics of gardens, making
this an area with significant potential for further exploration.

4D documentation systems are important for capturing and analyzing the spatial
details and temporal changes in historic gardens. They can help develop better strategies
for conservation and management. Research could focus on creating real-time or near-
real-time 3D data collection and processing methods. These methods would allow for fast
detection and assessment of changes in garden conditions.

Integrating sensor networks, like environmental monitoring systems and remote
sensing platforms, with 3D GIS and web platforms can help build detailed and dynamic
models of historic gardens. These 4D models could support decision-making by simulating
different scenarios. For example, they could show the impacts of climate change, test
restoration plans, or manage visitor flow. These models could also be useful for public
engagement and education, allowing people to explore and interact with gardens in a
virtual space. They could also show how gardens have changed over time.

Developing standardized protocols and guidelines for 4D documentation could help
ensure consistent and reliable data. This would make it easier to share knowledge and best
practices among researchers, conservators, and managers. Such efforts could play a key
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role in preserving historic gardens and increasing public appreciation of these important
cultural heritage sites.

The final products of applying 3D digital technology to historic gardens must ulti-
mately be usable by stakeholders, but how these products are used remains underexplored.
Beyond the primary 3D point cloud, the outputs often include raw data like images and
metadata, as well as information-rich 3D models and interactive products generated from
the point cloud.

For some historic gardens, the main need is conservation and management. A 3D
garden information database could meet the requirements of internal staff working within
the garden. However, for gardens requiring cross-regional or international protection and
management, challenges increase due to the complexity of coordination and data sharing.
Additionally, many historic gardens face demands from urban development or changes
in surrounding environments, requiring ongoing planning and redesign. In these cases, a
dynamic system for integrating and updating 3D data and information is essential.

Some studies highlight the importance of web platforms for storing, co-managing,
and editing 3D data related to historic gardens. In the future, a web platform integrated
with a 4D documentation system could be a promising research direction. This would
allow for centralized access, real-time updates, and collaborative use of garden data across
various stakeholders.

Stakeholders play a key role in this process. When exploring the application of 3D
digital technologies to historic gardens and related heritage objects, it is not enough to
focus solely on the garden itself. It is also necessary to consider whether the solutions
address the needs of stakeholders. By aligning the outputs of 3D technology with the
specific requirements of conservationists, planners, and the public, the full potential of
these tools can be realized.

Another promising direction is the integration of Al, including machine learning and
deep learning techniques, into the processing and analysis of 3D garden data. While Al
is already widely used in the built environment, its application in cultural landscapes is
only beginning to develop. Al algorithms tailored to automatically detect, classify, and
segment garden features could greatly improve the efficiency and accuracy of documenting
historic gardens.

Using Al can simplify the creation of detailed 3D models and inventories, making it
easier to represent historic gardens comprehensively and precisely. For example, Al could
quickly identify and categorize elements such as trees, pathways, or architectural structures
within a garden. This would save time and reduce manual effort while ensuring consistent
results. By incorporating Al into 3D documentation processes, the digital management and
future development of historic gardens could become more intelligent and efficient.

5. Conclusions

This scoping review provided a comprehensive overview of the application of 3D
digital technologies in historic gardens and related Cultural Heritage. The analysis revealed
a growing interest in research activity in this field, particularly since 2016. The geographic
distribution of researchers and institutions highlights the international nature of this re-
search, with significant contributions from Europe and Asia. Key journals and archives
have been identified, providing valuable resources for future studies. Using bibliometric
methods and visualization tools, this review examined the technical methods employed in
the field, as well as the types and distribution of research cases. After that, the synthesis
presented the collaboration of diverse 3D digital techniques in garden heritage objects
for end users, with some case studies offering detailed insights. Finally, the evaluation of
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the review results provided a critical assessment of the current research limitations and
potential technological applications.

This review emphasizes the importance of continued research in this area, stressing the
need for interdisciplinary collaboration to drive further progress in the field. Developing
standardized methodologies and user-friendly tools is essential for ensuring the sustainable
development and preservation of historic gardens. By promoting a more unified and
accessible approach to the use of 3D digital technologies, researchers, conservators, and
managers can collaborate effectively to safeguard and enhance the long-term protection
of these invaluable cultural heritage assets. Additionally, involving the public can deepen
appreciation and engagement, ensuring that these gardens remain cherished and well-
preserved for future generations.
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Abbreviations

The following abbreviations are used in this manuscript:

3D Three Dimensional
UAV Unmanned Aerial Vehicle
CH Cultural Heritage

ICOMOS The International Council on Monuments and Sites
UNESCO  The United Nations Educational, Scientific and Cultural Organization
CAD Computer-aided Design

ALS Airborne Laser Scanning

MLS Mobile Laser Scanning

TLS Terrestrial Laser Scanning

GIS Geographic Information Systems

VR Virtual Reality

AR Augmented Reality

PRISMA-  Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for
ScR Scoping Reviews

BIM Building Information Modeling

GNSS Global Navigation Satellite System

TDP Terrestrial Digital Photogrammetry

UAVDP Unmanned Aerial Vehicle Digital Photogrammetry
HXSZ Huanxiu Shanzhuang

MMS Mobile Mapping Systems

IMMS Indoor Mobile Mapping Systems

DBH Diameter at Breast Height

SLAM Simultaneous Localization and Mapping
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SIM Structure from Motion
Al Artificial Intelligence
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