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New insights about the scientific literature of Digital
Twins in Agriculture: a bibliometric study

Abstract

This article aimed to present new insights into the scientific literature on Digital Twins
in agriculture, especially in the scientific mapping of their conceptual, intellectual, and so-
cial knowledge structures. Although previous literature reviews have provided some answers
about the state of the art, none have conducted an in-depth assessment of the impact of the
articles analyzed in this new field of scientific knowledge. A taxonomy of the main bibliomet-
ric techniques provides theoretical support. We collected metadata from the Web of Science
and Scopus databases, resulting in a final collection of 89 bibliographic sources between 2018
and 2023. We employed a specific workflow for scientific mapping using the R-language’s
bibliometrix package. The descriptive bibliometric analysis indicated the absence of a par-
ticular bibliographic source for publishing articles on Digital Twins in agriculture, with their
main production occurring in several conferences, journals, books, and reviews. The concep-
tual knowledge structure showed a thematic map with 13 research themes across the abstracts,
divided into motor, basic, niche, and emerging/declining. The intellectual structure of knowl-
edge showed an article co-citation network composed of two clusters and 11 main articles.
Finally, the social structure of knowledge showed 22 collaboration networks between authors,
27 between institutions, and six between countries. Thus, this study provides new insights into
the impact of published scientific literature on the structure of knowledge about Digital Twins
in agriculture, serving as a starting point for monitoring its evolution in the coming years.

Keywords: International Development: Households, Technology, and the Environment; Agricultural Tech-
nology; Technological Adoption.

1 Introduction

The Digital Twins (DT) is a comprehensive digital and realistic representation of living and nonliv-
ing entities (assets, processes, people, places, and systems) mapped into virtual space by computer-
generated models based on their features (the data). This environment allows for rapid and real-
time monitoring, controlling, optimization, prediction, and improved decision-making processes to

produce more favorable results and managerial learning. It can handle the challenge of seamless



integration between the Internet of Things (IoT) and data analytics, providing capabilities to cre-
ate new business models in rapidly evolving markets and complex economic contexts (El Saddik,
2018; Fuller et al., 2020; Haag & Anderl, 2018; Mirza, 2021; Rasheed et al., 2020; Segovia &
Garcia-Alfaro, 2022).

Initially created to meet the needs of the Manufacturing Industry (Mirza, 2021), it did not take
long to generate considerable interest in its application in Agriculture, given the possibilities of

added value feasible for the sector (Pylianidis et al., 2021):

1. Personalized curation of complex systems: Digital twins adapt to local conditions in each

physical twin by fusing data and learning from them;

2. Simplification of operations: They offer an automated pipeline of operations like data ac-
quisition from sensors, performing simulations, creating reports, and controlling actuators,

executing them continuously;

3. Information Fusion: Digital Twins observe physical twins from different perspectives by

using multiple data sources and assessing possible outcomes of actions;

4. Uncertainty Quantification: They can consider the cumulative effect of the uncertainties

since they observe systems from different angles;

5. Permission Level Controls: Digital Twins can create different levels of transparency, de-

pending on the sensitivity of the handled data and the importance of the operations;

6. Human-Centered Intelligence: They can control mechanisms like human-machine interfaces

for safer working environments.

In the meantime, many literature reviews provided some responses to the then state-of-the-art
scientific publications on Digital Twins in Agriculture, as displayed in Table 1. However, even
though these studies highlight minimal configuration, potential applications, use cases, and ethical
issues about Digital Twins, they have not carried out a deeper assessment of the impact of the

papers they analyzed, especially about the scientific mapping of their conceptual (what science
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talks about the central theme and trends), intellectual (how an author’s work influences a specific
scientific community) and social (how authors, institutions, and countries interact with each other)

knowledge structures (Aria & Cuccurullo, 2017; Zupic & Cater, 2015).

Table 1: Main contributions from previous paper reviews about Digital Twins
Author Main contribution

Onwude et al. (2020) Digital twins as an advanced tool to diagnose and predict potential prob-
lems that increase food quality losses in the postharvest supply chains
of fruits and vegetables.

Verboven et al. (2020) It reflects how Digital Twins can be used in the agri-food sector, es-
pecially for process control, problem-solving, and operational manage-
ment of the supply chain.

Defraeye et al. (2021) Digital twins are the next logical step for postharvest technology to con-
nect the worlds of sensing in the actual supply chain with numerical
modeling in the virtual cold chain for fresh horticultural produce.

Pylianidis et al. (2021) On a fundamental level, a Digital Twin must include monitoring, user
interface, and analytic components. They are the first step towards em-
powering it to monitor and analyze agricultural systems and offer con-
tinuous operations.

van der Burg et al. (2021) They offer an agenda for Responsible Research and Innovation (RRI)
about Digital Twins for agri-food to anticipate and reflect on such ac-
tions’ broader societal and environmental effects.

Nasirahmadi and Hensel (2022) Digital twins paradigms can be meaningfully utilized for soil, irrigation,
crops, robots and farm machinery, and postharvest food processing in
the agricultural field. In this context, most studies have focused on de-
veloping digital twins by considering some of the farm sector’s limited
parameters.

Peladarinos et al. (2023) The limited practical application of Digital twins technologies is obvi-
ous, even in the literature. Therefore, future research should be realized
to overcome the profound lack of reference models and case studies.

Purcell and Neubauer (2023) They identified key areas for future research, such as simulation, bio-
logical systems modeling, and business model development, which is
required to allow the growth and adoption of the Digital Twin within
agriculture.

This scientific mapping would make it possible to find representations of intellectual connec-
tions within a dynamically changing scientific knowledge system. Furthermore, building a map of
the relationships between contemporary branches of knowledge could show us nearby areas and
facilitate new connections between them. At the very least, such a map could help track how these
relationships change as discoveries are made and perhaps lead to more informed management of
the science and information produced (Chen, 2017) about Digital Twins.

Therefore, this article presents new insights from the scientific literature on Digital Twins based



on their conceptual, intellectual, and social knowledge structures. We organized this paper into four
more chapters. Chapter 2 provides an overview of the most common bibliometric techniques per
unit of analysis. Chapter 3 provides the workflow for carrying out scientific mapping. Chapter 4
shows the findings related to the paper’s objective. Finally, Chapter 5 presents the conclusions and

final remarks.

2 A overview about bibliometric techniques

Cobo et al. (2011b) summarize in Table 2 the most bibliometric techniques used in science map-
ping. The development of Bibliographic Coupling is credited to Dr. M. M. Kessler from the
Massachusetts Institute of Technology in 1963. He stated that the bibliography of technical papers
is one way the authors can indicate their intellectual environment (scope and problem content).
If several papers show similar bibliographies, they have an implied and meaningful relationship.
So, the grouping of related documents happens through the authors’ interactions with the literature,
seemingly not evident at first sight. Thus, the bibliographic coupling can signal what papers should

be read by whom and identify the operational life span of a given literature (Weinberg, 1974).

Table 2: A taxonomy for bibliometric techniques

Technique Unit of analysis used Kind of relation
Bibliographic ¢ Author + Common references among author’s oeuvres
Coupling * Document » Common references among documents
* Journal « Common references among journal’s oeuvres
Co-citation » Author * Co-cited authors
» Reference * Co-cited documents
* Journal  Co-cited journals
Co-author * Author + Co-occurrence of authors in the document’s author list.
* Country from affliation * Co-occurrence of countries in the document’s address list

* Institution from affliation ¢ Co-occurrence of institutions in the document’s address list

Co-word * Keyword, or term ex- ¢ Co-occurrence of terms in a document
tracted from the title, ab-
stract or document’s body

Seeming to be "the other side of the intellectual environment coin,” the Co-citation was inde-
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pendently proposed by Small (1973) and Marshakova (1973). It is the frequency with which the
later literature cites two or more items of earlier literature. Because of its dependence on the cit-
ing authors, the patterns of association between papers can change over time as the interests and
intellectual patterns of the field change. So, Co-citation is a relationship that a citing author [A]
establishes between cited authors [a, b]. In contrast, Bibliographic coupling is a relationship that a

cited author [a] establishes between citing authors [A, B], as shown in Figure 1.

Bibliographic
Citing documents Wi A
(research front)
Cited documents
(knowledge base)

Figure 1: Difference between Co-citation and Bibliographic coupling (Zupic & Cater, 2015)

Regarding the social environment (size, composition, and authors’ interaction of a specialty),
De Solla Price and Beaver (1966) bring the first concept of Co-author technique. It aims to analyze
the social life of science and the nature of collaboration and communication on the research front.
They assume that the more significant part of the research front’s communication occurs when the
authors work together in groups.

Moreover, Stokes and Hartley (1989) highlight two kinds of authors of particular social signif-
icance: key and bridging figures. They are called key figures when co-authors all or most of their
papers and they strongly influence a specific group. Bridging figures (who may also be key figures)
are authors who co-authored papers in several distinct groups, forming a collaborative network.

Furthermore, because bibliographic data contain information about authors’ institutional affil-
iations and their geographical location, the Co-author technique can examine collaboration issues
on the level of institutions and countries (Zupic & Cater, 2015).

Finally, concerning the conceptual environment (cognitive structure, central themes, and trends),

the Co-word technique is founded on the hypothesis that it is possible to identify problematic net-



works, poles of interest, and relationships by studying their evolution based on the content analysis
of documents (Callon et al., 1983). The unit of analysis is a concept: when words frequently co-
occur in documents, the ideas behind those words are closely related. Its output is a network of
themes and their relations representing the conceptual space of a field, corresponding to centers of
interest or research problems that are the object of substantial investments by researchers (Callon

etal., 1991; Zupic & Cater, 2015).

3 Methodology

3.1 Data sources

We collected metadata from bibliographic sources on the Web of Science (WoS) - Main Collection
(Clarivate Analytics) and Scopus databases, using the search expressions described in Table 3. The
queries carried out focused on titles based on the following premise: if Digital Twin(s) were one
of the central themes of the bibliography, it would necessarily have to appear in the work’s title.
Queries returned 102 papers from Scopus and 26 from WoS on April 29, 2024. We merged both
queries’ results, eliminating duplications and ensuring all were published by 2023. After this last
filtering, the final collection had 89 bibliographic sources (88 from Scopus and 01 from WoS)': 47

conference papers, 25 journal articles, 08 book chapters, 08 reviews, and 01 notes.

Table 3: Search expressions used to collect metadata from scientific databases

Database Search expression

Scopus TITLE ( digital twin* ) AND ( TITLE ( agri* ) OR TITLE ( farm* ) ) AND NOT (
TITLE ( wind* ) OR TITLE ( solar ) ) AND PUBYEAR > 2017 AND PUBYEAR <
2024 AND ( LIMIT-TO ( LANGUAGE, “English” ) )

WoS ”digital twin*” (Title) AND “agri*” OR ”farm” (Title) NOT “wind*” (Title) and 2023
or 2022 or 2021 or 2020 (Publication Years) and English (Languages)

Table 4 shows the completeness of the 89 bibliographic metadata, named using the standard

Clarivate Analytics WoS Field Tag codify (Aria & Cuccurullo, 2017). Therefore, it identifies the

!'The bibliometric collection can be sent via email upon request to the authors.



degree of availability of metadata to carry out the desired bibliometric technique in Table 2.

Table 4: Completeness of bibliographic metadata obtained via bibliometrix

Metadata Description Missing counts ~ Missing % Status
AB Abstract 0 0 Excellent
Cl Affiliation 0 0 Excellent
AU Author 0 0 Excellent
CR Cited references 0 0 Excellent
DT Document type 0 0 Excellent
SO Journal 0 0 Excellent
LA Language 0 0 Excellent
PY Publication year 0 0 Excellent
TI Title 0 0 Excellent
TC Total citation 0 0 Excellent
DI DOI 4 4.49 Good
DE Keywords 12 13.48 Acceptable
RP Corresponding author 31 34.83 Poor

ID Keyword plus 31 34.83 Poor
wC Science categories 89 100.00 Completely missing

Overall, most metadata has excellent status for executing the scientific mapping. The only
concern identified was applying the Co-word technique to keywords or keyword plus, given that

their status is acceptable or poor.

3.2 Analytical methods

This paper followed the science mapping workflow shown in Figure 2, employing the bibliometrix
R-package as the primary tool, which runs in an open-source environment and ecosystem.

After the data loading and conversion stage, we performed descriptive bibliometric analysis.
We presented several collection performance metrics: a) Most cited bibliographic sources, b) Most
productive authors, and ¢) Most cited documents.

Next, we created a Document x Attribute rectangular matrix for network analysis and mapping
for co-citation, co-author, and co-word techniques. We used biblioshiny() function to perform
scientific mapping analysis because it encompasses the main functions of the bibliometrix R-

package (Aria & Cuccurullo, 2017).



PCA, MDS, MCA,
Clustering
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Bibliographic Coupling, Co-citation,
Collaboration, Co-occurrence, and
Historlographic Analysis

Figure 2: Science mapping workflow with bibliometrix (Aria & Cuccurullo, 2017)

4 Results and discussion

4.1 Collection overview

The 89 documents regarding Digital Twins in Agriculture published in 77 sources were written
by 339 authors between 2018 and 2023, presenting an annual growth rate of 88.02% and 1.91
years of document average age. Moreover, each document has a mean of 4.42 co-authors and an
international co-authorship rate of 16.85%. Finally, this collection has 246 author’s keywords,
2,969 references, and an average of 16.09 citations per document.

Table 5 shows the most cited bibliographic sources for Digital Twins in Agriculture, ordered
descending by source frequency. According to Bradford Law?, they are located in the “core zone”
of the collection (Bradford, 1976): 11 of 77 sources (14.29%) cover 23 of 89 (25.84%) cited docu-
ments, with each source having at least two mentions. Moreover, it is worth highlighting that two
conferences [CEUR Workshop Proceedings and BalkanCom 2023] and two books [Lecture Notes
in Computer Science and Lecture Notes in Networks and Systems] are among them.

It also shows the /-index (Hirsch, 2005), g-index (Egghe, 2006), and m-index (Bornmann et al.,

The central assumption is that most articles on a given subject would be published in a few journals primarily
devoted to that subject or its significant topic, along with specific frontier journals and more general periodicals.



Table 5: Most cited bibliographic sources for Digital Twins in Agriculture (2018 - 2023)

Rank  Source Freq cumFreq 4 g m
1 CEUR WORKSHOP PROCEEDINGS 3 3 1 1 33
2 2023 INTERNATIONAL BALKAN CONFERENCE ON COM- 2 5 1 1 .50

MUNICATIONS AND NETWORKING, BALKANCOM 2023
3 APPLIED SCIENCES (SWITZERLAND) 2 7 2 2 .50
4 COMPUTERS AND ELECTRONICS IN AGRICULTURE 2 9 1 2 25
5 DIGITAL TWIN FOR SMART MANUFACTURING 2 11 1 1 .50
6 IEEE ACCESS 2 13 1 2 25
7 JOURNAL OF DIGITAL LANDSCAPE ARCHITECTURE 2 15 2 2 .33
8 LECTURE NOTES IN COMPUTER SCIENCE (INCLUDING 2 17 1 2 25

SUBSERIES LECTURE NOTES IN ARTIFICIAL INTELLI-

GENCE AND LECTURE NOTES IN BIOINFORMATICS)
9 LECTURE NOTES IN NETWORKS AND SYSTEMS 2 19 - - -
10  SENSORS 2 21 2 2 .67
11 SMART AGRICULTURAL TECHNOLOGY 2 23 2 2 1.00

2008) to quantify scientific research output® (the higher, the better). In these criteria, journals, es-
pecially Smart Agricultural Technology, Sensors, and Applied Sciences, are increasingly prominent
in publishing papers regarding Digital Twins in Agriculture.

Table 6 shows the most productive (“core’) authors for Digital Twins in Agriculture. Its results
are consistent with Lokta’s Law* (Lotka, 1926): this collection has 297 (87.6%) authors with one
published article and 33 (9.7%) authors with two published articles, totaling 330 (97.3%) “occa-
sional authors.”

Regarding the topic of the papers, R. Collier, Y. Kalyani, and P. Skobelev (with V. Yalovenko, A.
Tabachinskiy, E. Simonova, and A. Zhilyaev each appearing three times in his papers) focused on
the technical aspects of developing Digital Twins (Kalyani et al., 2022; Kalyani & Collier, 2023a,
2023b; Kalyani et al., 2023; Laryukhin et al., 2019; Skobelev, Mayorov, et al., 2021; Skobelev,
Tabachinskiy, et al., 2021; Skobelev et al., 2020), while W. Purcell and T. Neubauer concentrate
on the state of the art, opportunities, requirements, and challenges for creating environmentally

sustainable Digital Twins, being the “core” authors with the highest number of citations (Mallinger

3If two articles have the same h-index, the more recent one will have a higher m-index.

*Inverse power law of scientific productivity: %Authors = 0.8987029/DocsWritten3-397193; R2 = (0.995;
p-value of two-sample Kolmogorov-Smirnov test between the empirical and the theoretical Lotka’s Law distribution
(with n=2): 0.699.



Table 6: Most productive authors for Digital Twins in Agriculture (2018 - 2023)

Authors Year

Title

Citations

COLLIER R; KALYANI Y 2022

2023

2023

2023

SKOBELEV P et al. 2019

2020

2021

2021

PURCELL W; NEUBAUER T 2022

2023

2023

Integration of hypermedia-agents, microservices, and
Digital Twin for smart agriculture

Towards a new architecture: multi-agent based cloud-
fog-edge computing and Digital Twin for smart agricul-
ture

Hypermedia multi-agents, semantic web, and microser-
vices to enhance smart agriculture Digital Twin

Digital Twin deployment for smart agriculture in cloud-
fog-edge infrastructure

The multi-agent approach for developing a cyber-physical
system for managing precise farms with Digital Twins of
plants

Development of models and methods for creating a digital
twin of plant within the cyber-physical system for preci-
sion farming management

Digital Twin of rice as a decision-making service for pre-
cise farming, based on environmental datasets from the
fields

Development of Digital Twin of plant for adaptive calcu-
lation of development stage duration and forecasting crop
yield in a cyber-physical system for managing precision
farming

Systemic design requirements for sustainable Digital
Twins in precision livestock farming

Digital Twins in agriculture: challenges and opportunities
for environmental sustainability

Digital Twins in agriculture: a state-of-the-art review

0

25

20

12

21

60

et al., 2022; Purcell & Neubauer, 2023; Purcell et al., 2023).

Table 7 shows the most cited documents (total and per year) for Digital Twins in Agriculture.

Among them are three conceptual articles [CP], three literature reviews [LR], three prototypes [PT],
and one use case [UC]. Furthermore, it is worth highlighting that, regarding Digital Twins, when
comparing the data in Tables 6 and 7, the authors with the highest productivity are not necessar-

ily the most cited authors (and vice versa). Purcell and Neubauer (2023) are the only most cited

productive authors with an article listed among the most cited, even though ranked in 7th position.

This differs from the findings of Abramo et al. (2014), who state that there is a moderate posi-
tive correlation between the phenomenon of being a productive top scientist and the probability of

having produced highly cited articles.
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Table 7: Most cited documents for Digital Twins in Agriculture (2018 - 2023)

Authors Title Type Total Per year
Verdouw et al. (2021) Digital twins in smart farming CP 235 58.75
Pylianidis et al. (2021) Introducing digital twins to agriculture LR 208 52.00

Nasirahmadi and Hensel (2022) Toward the next generation of digitalization in LR 90 30.00
agriculture based on Digital Twin paradigm

Alves et al. (2019) A Digital Twin for smart farming PT 78 13.00

Ghandar et al. (2021) A decision support system for urban agriculture = UC 68 17.00
using Digital Twin: a case study with aquaponics

Angin et al. (2020) AgriLoRa: a Digital Twin framework for smart  PT 60 12.00
agriculture

Purcell and Neubauer (2023) Digital Twins in agriculture: a state-of-the-art re- LR 60 30.00
view

Neethirajan and Kemp (2021) Digital Twins in livestock farming CP 59 14.75

Jo et al. (2018) Smart livestock farms using Digital Twin: feasi- CP 53 7.57
bility study

Monteiro et al. (2018) Towards sustainable Digital Twins for vertical PT 52 7.43
farming

4.2 Conceptual knowledge structure

This subsection shows the results of scientific mapping for the Digital Twins’ conceptual knowledge
structure. We built a Thematic Map® for Digital Twins with 13 themes shown in Figure 3.

The Thematic Map is structured on a Cartesian plane formed by Centrality (horizontal axis)
and Density (vertical axis) measurements. Centrality can be understood as the measure of the im-
portance of a theme for the development of the entire field of research analyzed. Density can be
understood as a measure of the development of a theme over time in the research field in ques-
tion. Based on the medians of the Centrality and Density measurements, a Strategic Diagram is

constructed and divided into four quadrants (Callon et al., 1991; Cobo et al., 2011a):

» Motor themes. They cover well-developed and essential themes for structuring a field of

research. They have high centrality and density.

* Basic themes. They are essential to the research field but are not sufficiently developed. This

>We built the Thematic Map focusing on the bi-grams of the abstracts. We used a dictionary of synonyms to group
similar terms in writing. Each circle represents a theme: its size is proportional to the occurrences of sentences that
make up the theme. We followed the standard parameterization suggested by bibliometrix.
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quadrant has transversal and general themes. They have high centrality and low density.

* Niche themes. Their themes are well-developed but of marginal importance to the field of

investigation, being considered very specialized and peripheral.

» Emerging or declining themes. They are peripheral and underdeveloped. Only a dynamic
analysis (theme’s evolution over several periods) or comparative analysis (theme’s relation-

ship with others) allows us to determine its contribution to the area.

smart agricultural
dt technology
physica‘ll object proposed architecture
digital replica
sensing change systematiq literature
soil probe 1
water management

i
; artificial intelligence
| machine learming

: twin system food security
|
i
i
i

] fish farm

g cybe r-phydidialansformation

g =z " precision farming

= :E‘ Agricultural sydBggrowth

E o e A S R e T R R T L erieny EDI'!!LH'H‘[JHGFI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
2o twin concept cgntrolled environment

%H agricultural machinery '

2 information model digital twins

o supply chain

carefully controlled smart farming

energy efficiency

greenhouse farming smart farm
crop yvield
. anomaly detection
shelf life

air temperature

vertical farming
remote sensing
collected data

Relevance degree
(Centrality)

Figure 3: Thematic map for Digital Twins in Agriculture (2018 - 2023)

We identified® 04 motor themes, 05 emerging or declining themes, 01 basic theme, 01 niche
theme, and 02 themes in a transition zone. In each theme, it is essential to analyze the meaning of
the terms that compose them to understand the research problems that generate (or not) research

interest. For example, the research area about Digital Twins considers how:

Eleven articles in the collection were not classified into any of the 13 themes found, classified as “other” due to
the heterogeneity of the research problem raised in their abstracts.
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* Motor themes the sentences smart agricultural/dt technology/proposed architecture [02
papers], artificial intelligence/machine learning/food security [14 papers], twin system/fish
farm/digital transformation [03 papers], cyber-physical system/precision farming/plant growth

[05 papers];

* Basic theme the sentence digital twins/supply chain/smart farming [30 papers];

* Niche theme the sentence sensing change/soil probe/water management [03 papers];

* Emerging or declining themes the sentences twin concept/agricultural machinery/information
model [02 papers], carefully controlled/energy efficiency/greenhouse farming [01 paper],
shelf life/air temperature [01 paper], smart farm/crop yield/anomaly detection [03 papers],

vertical farming/remote sensing/collected data [05 papers],

 Transition themes the sentences agricultural systems/energy consumption/controlled envi-

ronment [04 papers], physical object/digital replica/systematic literature [05 papers].

Around 1/3 of the articles published on Digital Twins in Agriculture between 2018 and 2023
had their themes considered basic for the field of research [ex. Ibrahimov et al. (2023), Malik et al.
(2023), Rogachev et al. (2022), Sirazetdinov et al. (2022), Tebaldi et al. (2021), van der Burg et al.
(2021), Wuttke et al. (2023), and Wuyts and Huang (2023)]. In addition, 24 articles are grouped
into leading themes deemed essential to the research field [ex. Kalyani et al. (2023), Kulat et al.
(2023), Lan et al. (2022), and Skobelev et al. (2020)].

Finally, 13 articles are grouped into themes that seem to be emerging [ex. Chukkapalli et
al. (2021), Mengi et al. (2023), and Shrivastava et al. (2023)], given their trajectory seen in the
Thematic Map, with one of them tending to become a basic theme [vertical farming/remote sens-
ing/collected data, ex. Majore and Majors (2022)] and another tending to become a theme niche

[twin concept/agricultural machinery/information model, ex. Machl et al. (2019)].
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4.3 Intellectual knowledge structure

This subsection shows the results of scientific mapping for the intellectual knowledge structure
of Digital Twins in Agriculture. We built a Co-citation network for papers, resulting in 02 main
clusters and 11 main papers shown in Figure 4, where the size node is proportional to its degree

centrality measure (Koschiitzki et al., 2005), ranging from 0.274 to 1.00.

verdouw c. 2021

A montei}?j. 2018
pylianidis c. 2021

neethirajan s. 2021

é %

Figure 4: Co-citation network for Digital Twins in Agriculture (2018 - 2023)

In the red cluster, articles by Verdouw et al. (2021), Pylianidis et al. (2021), and Neethirajan and
Kemp (2021) tend to be most co-cited since all three are conceptual papers or literature reviews on
Digital Twins, Smart farming, and Livestock farming. Nasirahmadi and Hensel (2022), Fuller et al.
(2020) [literature reviews], Ghandar et al. (2021) [use case], and Grieves (2014) [conceptual paper]
are other references that are co-cited. Therefore, this set of articles presents the main concepts of
Digital Twins and updates the scientific literature on their application in agriculture or livestock.

In the blue cluster, Monteiro et al. (2018) deals with a model for implementing Digital Twins
in sustainable agriculture, co-cited mainly with Verdouw et al. (2021) and Pylianidis et al. (2021).
The remaining co-cited papers bring technical examples of Digital Twins from engineering and
manufacturing. Alves et al. (2019) present an initial digital environment to create a cyber-physical
system so that farmers can better understand the state of their farms regarding resource and equip-

ment utilization. Grieves and Vickers (2017) propose and discuss a Digital Twins model related to

14



Systems Engineering and how it can address the human interactions that lead to “normal accidents”
and address obstacles and opportunities. Finally, Kritzinger et al. (2018) present a categorical lit-

erature review of the Digital Twins in manufacturing.

4.4 Social knowledge structure

This subsection shows the results of scientific mapping for the social knowledge structure of Digital
Twins in Agriculture. Figure 5 shows 22 collaboration networks where the nodes are 77 authors,
and the links are their co-authorships. The node’s size is proportional to the measure of its degree
of centrality (Koschiitzki et al., 2005), ranging from 0.077 to 1.00, and the thickness of the links is

proportional to the number of articles published together.
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Figure 5: Collaboration network between authors for Digital Twins in Agriculture (2018 - 2023)

We found 13 authors considered key figures for having their degree of centrality above 0.500:
Skobelev, P.; Simonova, E.; Tabachinskiy, A.; Zhilyaev, A.; Yalovenko, V.; Goryanin, O.; Mayorov,
I.; Kulat, R.; Mittal, A.; Pappula, S.; Patil, R.; Sakkan, M.; Sarangi, S. However, no author was
considered a bridging figure.

Figure 6 shows 71 institutions (nodes) in 27 collaboration networks, and the links are their part-
nerships. Again, the node’s size is proportional to the measure of its degree of centrality, ranging

from 0.133 to 1.00, and the links’ thickness is proportional to the number of mentions of the insti-
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tutions. However, we only found one institution considered a key figure - Wageningen University

and Research - without any institution considered a bridging figure.

wageningen university and research r”‘%

Figure 6: Collaboration network between institutions for Digital Twins in Agriculture (2018 - 2023)

At last, Figure 7 shows 21 countries (nodes) in six collaboration networks; the links are their
bonding. Once again, the node’s size is proportional to the measure of its degree of centrality,
ranging from 0.125 to 1.00, and the links’ thickness is proportional to the number of mentions of
the countries. We found two countries considered key figures - China and the United Kingdom -
without any country considered a bridging figure.
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Figure 7: Collaboration network between countries for Digital Twins in Agriculture (2018 - 2023)
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Thus, although there are collaboration networks between authors, institutions, and countries for
studying Digital Twins in Agriculture, they seem to work independently, without any interconnec-
tion. Furthermore, it is worth highlighting that the authors’ networks with key figures are linked to
institutions in countries that do not participate in collaboration networks, such as Russia and India,
or the only institution considered a key figure is located in a small collaboration network between

countries (Netherlands and Switzerland).

5 Conclusion

The objective of this article was to present a scientific mapping of the conceptual, intellectual,
and social knowledge structures of Digital Twins in agriculture based on descriptive bibliometric
analysis, thematic map, co-citation, and co-authorship networks.

As for the descriptive bibliometric analysis, we identified that, between 2018 and 2023, there
was no specific bibliographic source for publishing articles on Digital Twins in agriculture, with
their production taking place in conferences, journals, books, and reviews, although we found the
ten most cited bibliographic sources. Furthermore, we found the nine most productive authors and
the ten most cited articles, even though the most productive authors are not necessarily the most
cited in this research field.

Regarding the conceptual knowledge structure, our thematic map showed four motor themes,
five emerging or declining themes, one basic theme, one niche theme, and two themes in a transition
zone, totaling 13 research themes on Digital Twins between 2018 and 2023. We highlight the motor
theme of artificial intelligence/machine learning/food security because of its relevance in light of
climate change’s effects on global agricultural production.

Concerning the structure of intellectual knowledge, we built an article co-citation network com-
posed of two clusters and 11 main articles that deal with conceptual themes, literature review, sus-
tainability, and technical examples about Digital Twins between 2018 and 2023.

Last but not least, we found 22 author collaboration networks, 27 collaboration networks be-
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tween institutions, and six collaboration networks between countries that underlie the structure of
social knowledge about Digital Twins between 2018 and 2023. We found some key figures in them,
but no bridging figures could connect them. Overall, such results may be because Digital Twins is
a recent topic in the agricultural sector.

Thus, this study provides new insights into the impact of the scientific literature published on
the structure of knowledge about Digital Twins in agriculture. These results will be a starting point

for monitoring its evolution in the coming years.
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