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This work describes a bibliometric analysis of the literature on the use of computer vision algorithms
in Augmented Reality (AR), Virtual Reality (VR), Mixed Reality (MR), and Extended Reality (XR)
environments. The analysis aims to highlight the evolution, trends, and effects of research in this
field. This review provides an overview of immersive technologies and their applications, as well as
the role of computer vision algorithms in enabling these technologies and the potential benefits of
using such algorithms. This study identifies important authors, institutions, and research themes by
using bibliometric indicators such as citation counts, co-citation analysis, and network analysis. The
analysis also identifies gaps and opportunities for additional research in this area, as well as a critical
assessment of the quality and relevance of the publications.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Zhejiang University and Zhejiang University

Press Co. Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Computer Vision (CV) is a subfield of Artificial Intelligence
(Al) and computer science that aims to develop and train mod-
els to accept and interpret visual data. CV analyzes and inter-
prets visual information from digital images or videos using algo-
rithms, statistical models, and Machine Learning (ML) techniques.
This can include tasks like object recognition (Francies et al.,
2022), facial expression recognition (Zeng et al., 2022), image
segmentation (Hatamizadeh et al., 2022), human action recogni-
tion (Chi et al., 2022), and so on. CV can be used in the context
of Augmented Reality (AR), Virtual Reality (VR), Mixed Real-
ity (MR), and Extended Reality (XR) to create immersive digital
experiences that can seamlessly blend virtual and physical el-
ements (Deshpande and Sanghavi, 2019; Gonzalez Izard et al.,
2019; Cirulis et al., 2020). While AR involves overlaying digital
information on real-world objects, VR creates a completely ar-
tificial, computer-generated environment that simulates real or
imaginary environments. With MR, users can manipulate and
modify virtual objects as if they were in the real world, by
combining real and virtual elements. XR is a broader term that
encompasses these immersive technologies, as well as other re-
lated technologies, such as 360-degree videos. There are many
areas in which these technologies have demonstrated great po-
tential, such as education (Sala, 2021; Zhang et al., 2020), en-
tertainment (Hung et al., 2021; Saint-Louis and Hamam, 2021),
rehabilitation (Berton et al., 2020; Patil et al., 2022; Postolache
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et al.,, 2021), and manufacturing (Ababsa, 2020; Botto et al., 2020),
among others (Cruz et al., 2019; Zafar and Zachar, 2020; Blanco-
Pons et al.,, 2019). Interacting with computer-generated objects
and environments creates immersive experiences that can en-
hance learning and entertainment (Rebbani et al., 2021). Track-
ing and interpreting user interactions in real-time, however, is
essential to enable such experiences.

CV assisted with ML and Deep Learning (DL) can play a signif-
icant role in the development of VR, AR, and XR technologies, as
it enables these environments with the most recent advances in
the field, towards better recognition and understanding of visual
information (Nalbant and Uyanik, 2021). In these scenarios, object
recognition is frequently used (Hbali et al., 2013; Ghasemi et al,,
2022), as these algorithms try to recognize real-world objects
and integrate them into virtual or augmented environments, rec-
ognize specific objects in real-time and track their movements.
ML, for instance, can be used in AR games where the player
must follow and interact with virtual objects placed in the real
world (Samir et al., 2018).

This type of environment, in particular games and serious
games, can also benefit from Dynamic Difficulty Adjustment
(DDA) methods, which dynamically adapt the game difficulty
based on the player’s performance (Lopes and Lopes, 2022). For
example, if the player is having difficulty completing a task,
the game can automatically reduce the difficulty level to make
it easier. DDA can help keep users engaged, motivated, and
successful in achieving their goals by offering personalized ex-
periences tailored to the user’s needs and capabilities. This has
a wide range of applications, including entertainment (Li et al,,
2022), education (Chrysafiadi et al., 2023), and rehabilitation
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Fig. 1. Word Cloud of CV in VR, AR, MR and XR environments.

games (Kamikokuryo et al., 2022). This adaptation can benefit
from CV, by the real-time analysis of players’ facial expres-
sions (Rodrigues et al., 2022) and body posture (Lopes et al.,
2021), among others.

This paper describes a bibliometric analysis of the literature
on the use of CV algorithms in AR, VR, MR, and XR environments.
The review aims to highlight the evolution, trends, and effects
of research in this field. It provides an overview of immersive
technologies and their applications, the function of CV algorithms
in enabling these technologies, and the potential advantages of
using these algorithms. In order to identify important authors,
institutions, and research themes, this review examines a wide
range of publications. It does this by using different bibliometric
indicators, including citation counts, co-citation analysis, and net-
work analysis. This paper also identifies gaps and opportunities
for further research in this area and provides a critical analysis of
the publications’ quality and relevance.

2. Methodology

CV algorithms are used in digital technologies in a variety
of ways, and this review aims to revise and understand their
connections and application areas. To provide a clear analysis of
the use of CV algorithms in VR, AR, MR and XR environments,
all the keywords used in the string query were removed from
World Cloud, Tree Map, and Word Frequency Over Time, since
it is expected that they show high relevance in all papers. With
the removal of all “redundant” keywords, the application of these
algorithms in these environments is more easily highlighted.

Listing 1 was used in the Scopus database.

Listing 1 Query used to retrieve the Scopus metadata

TITLE-ABS—KEY ( ( vr OR "Virtual Reality" OR ar OR "

<> Augmented Reality" OR "Mixed Reality" OR xr OR "
Extended Reality" ) AND "computer vision" AND (
dl OR "Deep Learning" OR ml OR "Machine Learning
") ) AND PUBYEAR > 2011 AND PUBYEAR < 2024
AND ( LIMIT-TO ( LANGUAGE , "English" ) )

(SN
—
(SN
(SN

As a peer-reviewed literature abstract and citation database,
Scopus is the most comprehensive and viable, since it mostly
overlaps the results of Web of Science (Al-Khoury et al., 2022).
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This query aggregates all studies that use VR, AR, MR or XR tech-
nologies, focusing on the use of CV and ML/DL in their application.
It should be noted that the term MR was not included in the string
query because it falls under a different theme that is not the focus
of this review (Magnetic Resonance Imaging). Only papers that
were written in English were considered for this analysis. In view
of the fact that research on this field of application did not have
a high level of relevance and intensity up until 2012, then the
search was limited by starting in 2012 to 2024. As a result, this
bibliometric review considered 750 documents.

Biblioshiny and ElasticSearch were used for the analysis pro-
vided in this paper (Aria and Cuccurullo, 2017; Kuc and Rogozin-
ski, 2013). Biblioshiny provides a graphical way to analyze titles,
abstracts, keywords, and geographic information collected from
the bibliography metadata. However, there are details that can
only be retrieved by analyzing the full content of the articles.
For this, the full set of PDF files were downloaded and stored
locally for subsequent text mining. ElasticSearch was configured
to index all the files, allowing the generation of detailed queries
over the content of the text. The main purpose of this analysis was
to infer the algorithms, programming languages and techniques
most frequently used.

3. Bibliometric analysis

This section analyzes the information processed in biblioshiny,
taking into account all the information in the metadata, exclud-
ing the text content. It shows the most frequent keywords, the
evolution of the appearance of the most frequent keywords, the
production of the most relevant countries (taking into account the
number of publications), the collaboration of authors from dif-
ferent countries, the most relevant affiliations, the most relevant
sources and also the most cited papers.

Fig. 1 shows the word cloud, which results from keyword
analysis, that highlights the most frequently occurring keywords
in the selected studies.

Learning systems, e-learning, and learning algorithms are cle-
arly associated with this bibliometric search, along with human-
computer interaction, robotics, and three-dimensional computer
graphics. Regarding the usage of these technologies in learning
platforms, for example, Zhang (2020) used DL to create a VR-
AR mobile platform and game model for gesture-based VR game
interaction. His game establishes interaction rules, creates gesture
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Fig. 2. Tree map of CV in VR, AR, MR and XR environments.
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Fig. 3. Words frequency over time.

models, uses computer vision for natural gesture recognition,
and offers a DL-supported learning platform. Poonja et al. (2023)
proposed a CV system, to enhance student engagement in online
learning using an AR environment. Tao et al. (2020) proposed a
ML-based research framework to estimate trainees’ confidence
about their decisions in immersive learning environments. Zhao
et al. (2018) developed an AR system for plant learning, providing
a didactic module that enhances learners’ interest in learning.

As this word cloud demonstrates, algorithms and highly re-
lated content with CV and DL applications are also evident (object
detection, object recognition, neural networks, image reconstruc-
tion, etc.), as they connect these environments with the appli-
cation of Al algorithms. For example, Cozzolino et al. (2022)
and Wang et al. (2021), both focus on the application of object
detection methods in AR mobile devices, while Lin et al. (2018)
deals with object recognition. Neural networks are a topic that
is also involved in several papers analyzed in this study, due
to its powerful application in CV algorithms (Zhou et al., 2022;
Sorokin et al., 2020; Epishkina and Zapechnikov, 2016). Cam-
eras are also mentioned, as they are frequently used to acquire
images (Amparore et al., 2022; Liu et al., 2021).

15

As an overview of the application of these algorithms in these
environments, the Tree Map highlights the combination of key-
words that are relevant to our search query (Fig. 2).

The analysis of the tree map allows us to quantitatively eval-
uate how these keywords are related to the query. It is worth
noting that learning algorithms and e-learning also have a sig-
nificant percentage, indicating that learning systems may have
gained more prominence, though some authors may consider
these two terms interchangeable (Zhao et al., 2021).

CV is still a hot topic as it has been in growing interest and
applications since 2016 (Fig. 3). In the last 5 years (since 2018),
learning systems have been drastically increasing in relation to
these topics.

Aside from learning systems, object detection, deep neural
networks, and Convolutional Neural Networks (CNNs), the most
frequently used keywords are all related to DL algorithms, with
some of them also associated with CV (object recognition and ob-
ject detection), demonstrating the usefulness and frequency with
which all of these terms are associated with digital environments
and CV.

Fig. 4 depicts the evolution of production in six of the most
active countries currently engaged in research on these topics.
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By 2016, China and the United States were already ahead in
the number of papers published. Until 2021, both of these coun-
tries’ production was very similar. China began rapidly expanding
its research into these topics starting in 2021, and it is currently
the country with the highest number of publications. Although
the United States produced the most in 2020, China has been
very active in the development of new research due to advances
in these emerging technologies. Fig. 5 shows the countries of
the corresponding authors, as well as whether they have been
written only by authors from the same country or a multi-country
development.

Collaboration between countries in research can be critical to
improving research and has several advantages (Dini et al., 2022).
It is an important factor in increasing global impact because it
ensures that research findings are relevant and applicable to a
global audience, influencing citations, visibility, and replicability
of results (Lancho Barrantes et al.,, 2012). These collaborations
also aid in the provision of opportunities for future collabora-
tions, the expansion of the researchers’ professional networks, the
increase of funding opportunities, and the promotion of cultural
exchange (Hou et al., 2021).

In terms of joint publications, the United States has the most
associations around the world (Fig. 6). They have shared publica-
tions with several European countries and Canada, as well as from

Asia, specifically China, demonstrating that the two countries that
produced the most are also associated in several publications,
which was undoubtedly a key factor in being so distinct in terms
of the number of publications.

It is worth noting that the most relevant affiliations (Fig. 7),
with 15 publications, are from University of California, it is fol-
lowed by Technical University of Munich, followed by Beihang
University and “National Taiwan University”, tied with 9 publica-
tions.

Fig. 8 illustrates the evolution of publication in journals and
conference proceedings over time in terms of where the majority
of works are published.

Springer conferences (Lecture Notes in Computer Science)
have the most publications since 2017, and the number of publi-
cations has been increasing in recent years. Most of the published
papers in a conference were presented at the IEEE Computer
Society Conference on Computer Vision and Pattern Recognition.
The journal with the most publications is Sensors, which is edited
by MDPL

It is important to evaluate and analyze the publications with
more citations, as they are the most relevant fonts for the re-
search community. Table 1 shows the 10 most globally cited
papers.
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Title

Year Citations

VirtualWorlds as Proxy for Multi-object Tracking
Analysis (Gaidon et al., 2016)

Image Segmentation Using Deep Learning: A
Survey (Minaee et al., 2022)

A survey on deep learning techniques for image
and video semantic segmentation (Garcia-Garcia
et al, 2018)

On Human Motion Prediction Using Recurrent
Neural Networks (Martinez et al., 2017)

From Coarse to Fine: Robust Hierarchical
Localization at Large Scale (Sarlin et al., 2019)
Normalized Object Coordinate Space for
Category-Level 6D Object Pose and Size
Estimation (Wang et al., 2019)

Visual SLAM and Structure from Motion in
Dynamic Environments: A Survey Saputra et al.
(2018)

Augmented Reality Meets Computer Vision:
Efficient Data Generation for Urban Driving
Scenes (Abu Alhaija et al,, 2018)

Driving in the Matrix: Can virtual worlds replace
human-generated annotations for real world
tasks? (Johnson-Roberson et al., 2017)
Understanding the Limitations of CNN-Based
Absolute Camera Pose Regression (Sattler et al.,
2019)

2016 615

2021 588

2018 529

2017 443

2019 310

2019 268

2018 248
2018 237
2017 233

2019 199

“Virtual Worlds as a Proxy for Multi-Object Tracking Analy-
sis” (Gaidon et al., 2016) describes a method for creating photo-
realistic virtual worlds that serve as proxies for real-world multi-
object tracking evaluation by leveraging computer graphics ad-
vancements. They demonstrated the similarity of real and virtual
worlds for DL models, proposed virtual pre-training to improve
performance, and highlighted the impact of varying weather and
imaging conditions on recognition accuracy, emphasizing the
need for more robust models in a variety of scenarios.

“Image Segmentation Using Deep Learning: A Survey” (Minaee
et al.,, 2022) examines over 100 DL techniques for image segmen-
tation, including fully convolutional networks, encoder-decoder
architectures, and attention-based models. It investigates dataset
utilization, network designs, training methodologies, and con-
tributions, but only mentions that image segmentation can be
very useful in AR environments without providing any studies or
examples of applications.

The paper, “A Survey on Deep Learning Techniques for Image
and Video Semantic Segmentation” (Garcia-Garcia et al., 2018),
investigates the rapid integration of DL approaches in semantic
segmentation, a critical aspect of CV. They provide essential re-
sources, insights, and a roadmap for future advancements in deep
learning-enabled semantic segmentation through this pioneer-
ing work, significantly contributing to the research community’s
understanding and progress in this vital field, despite only men-
tioning that image semantic segmentation is widely used in VR
and AR environments.

The paper, titled On “Human Motion Prediction Using Re-
current Neural Networks” (Martinez et al., 2017), delves into
the challenges of human motion modeling using deep recurrent
neural networks (RNNs) for tasks such as short-term motion pre-
diction. The authors investigate cutting-edge methods, propose a
novel architecture based on sampling-based loss, and emphasize
the importance of large-scale datasets. The paper contributes
valuable insights for advancing human motion prediction us-
ing RNNs by addressing shortcomings in previous approaches
and achieving improved short-term prediction performance, even
though it only references human motion modeling as applica-
ble in VR and AR environments, their approach can be possibly
applied in these environments.

“From Coarse to Fine: Robust Hierarchical Localization at Large
Scale” (Sarlin et al., 2019) describes a robust and efficient hi-
erarchical localization approach for accurate 6-DoF camera pose

18

estimation in large-scale environments. To achieve real-time op-
eration, their method employs a global-to-local strategy based
on learned descriptors and keypoints. The paper demonstrates
significant improvements in accuracy and efficiency over existing
methods, especially in difficult conditions such as night-time
queries, and establishes new benchmarks for large-scale localiza-
tion. Although it does not focus on AR or VR, it mentions the usage
of 6-DoF camera pose estimation in this type of environment.

“Normalized Object Coordinate Space for Category-Level 6D
Object Pose and Size Estimation” (Wang et al.,, 2019) describes
how to estimate the 6D pose and dimensions of unseen ob-
ject instances in RGB-D images. It introduces a shared canonical
representation for different objects within a category called Nor-
malized Object Coordinate Space (NOCS), which enables robust
pose and size estimation. To achieve accurate 6D pose and size
estimation, the method employs a region-based neural network
to infer correspondences between observed pixels and the NOCS
representation, and it combines predictions with depth maps.
They conclude that their approach has important applications in
areas such as AR, robotics, and 3D scene understanding.

The paper “Visual SLAM and Structure from Motion in Dy-
namic Environments: A Survey” (Saputra et al., 2018) provides an
in-depth examination of Structure from Motion (SfM) and visual
Simultaneous Localization and Mapping (SLAM) techniques in
dynamic environments. It tackles motion segmentation, dynamic
object segmentation and tracking, and joint motion segmentation
and reconstruction. The survey categorizes existing approaches,
including deep learning-based methods, and discusses their ben-
efits and limitations, as well as the application of these techniques
in AR environments.

“Augmented Reality Meets Computer Vision: Efficient Data
Generation for Urban Driving Scenes” (Abu Alhaija et al., 2018)
describes an innovative data augmentation approach for improv-
ing CV tasks in AR and other environments. The authors propose
a method for combining real-world images with virtual objects,
with a focus on semantic instance segmentation and object de-
tection. The authors demonstrate improved model performance
by augmenting real images with realistically rendered virtual
objects, overcoming the limitations of purely synthetic or limited
real-world data. The proposed method achieves cutting-edge re-
sults and emphasizes the importance of data diversity and realism
in training deep neural networks for complex tasks.
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“Driving in the Matrix: Can virtual worlds replace human-
generated annotations for real world tasks?” (Johnson-Roberson
et al, 2017) suggests using synthetic annotated data from a
simulation engine to improve DL for CV. When compared to
architectures trained solely on human-annotated real-world data,
the approach outperforms them in vehicle detection. The study
suggests potential acceleration of deep learning applications for
sensor-based classification tasks, such as self-driving cars, by
using photo-realistic simulation images, and provides insights
into addressing data set bias and improving object classification
through simulation-generated data.

The paper “Understanding the Limitations of CNN-Based Abso-
lute Camera Pose Regression” (Sattler et al., 2019) deals with vi-
sual localization. It creates a theoretical model to analyze absolute
pose regression (APR) methods, highlighting their limitations and
similarities to image retrieval techniques. The study found that
current APR approaches do not consistently outperform hand-
crafted retrieval baselines, highlighting the need for additional
research before APR algorithms can compete effectively with
accurate 3D structure-based methods in practical applications.
Regarding the scope of this review, it only refers to some visual
localization applications in AR.

To get more detailed information, a content analysis through
data mining was also performed with the assistance of Elastic-
Search.

4. Content analysis

The content analysis performed in the articles retrieved from
the previous step is mostly quantitative. Not to be mistaken with
the approach followed in social sciences, where a set of categories
and sub-categories are inferred from content analysis (Bardin,
2013). Instead, all the PDF files were indexed in ElasticSearch and
the following set of queries were performed: cnn, resnet, vgg, gan,
svm, Istm, rnn, autoencoder, transformers, reinforcementlear®, re-
strictedboltzmannmachine, deepreinforcementlear®, som, logisti-
creg®, nearestnei*, randomfore* and python, tensorflow, pytorch,
keras, matlab, java, scala.

The purpose of these is to try to assess the algorithms and
techniques of machine learning. Fig. 9, shows the number of
papers where DL and ML algorithms were mentioned.

It is clear that DL algorithms have an explicit domain, with
only SVM going above some of the most common DL meth-
ods, ranking in the top-5. Aiming at understanding which lan-
guages/frameworks are related to the topics of this review, Fig. 10
illustrates its ranking.

Autoencoder

Tansformers
Reinforcement Leaming
Deep Reinforcement Learning <I
Self-Organizing Map <I
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Restricted Boltzmann Machines

Trms

19

9. Frequency of Deep and Machine Learning algorithms.

Python and Tensorflow show their importance in the ap-
plication of the topics of this review, being the most popular
programming language and frameworks respectively.

5. Discussion

CV is a field of study that deals with enabling machines to
perceive, analyze and understand visual data from the world
around us. Virtual reality (VR) and augmented reality (AR) have
made significant strides in recent years, and CV plays a crucial
role in enhancing the immersive experience.

The findings of this bibliometric review highlight the vari-
ous environments in which CV algorithms are used. The most
common applications involve object detection, object recognition,
and learning systems. Particularly in educational and training
contexts, learning systems that make use of CV techniques have
grown in popularity, improving user engagement and knowledge
acquisition. Real-time visual data processing by CV algorithms
helps to create dynamic and engaging learning environments. The
seamless integration of virtual and physical elements depends
on object detection and recognition, which is made possible by
CV algorithms. This is particularly clear in applications for AR
and VR, where real-world objects are recognized and tracked
to create interactive and immersive digital overlays. The use
of DL techniques in these applications shows the accuracy and
productivity-boosting potential of neural networks.

The fact that research in this area is conducted all over the
world emphasizes how crucial interdisciplinary cooperation is.
Collaboration between researchers from various nations speeds
up the creation of novel solutions, improves the robustness of
research findings, and facilitates knowledge exchange. Addition-
ally, the blending of insights from CV with those from other
fields, such as psychology, human-computer interaction, and the
arts, has the potential to reveal fresh frameworks for immersive
experiences that have a lasting impact on users. In terms of
authorship, it was found that researchers from North America and
China dominate the field, with China being the leading country in
terms of the number of publications. This trend is not surprising
given that these regions are home to much of the world’s rapidly
developing Al research in recent years.

The results of this bibliometric study show that the number of
publications on these topics has been steadily increasing over the
past decade, which reflects the growing interest and potential of
these technologies in several fields. The majority of the publica-
tions are conference papers, which suggests that the research is
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still very active, and there is much room for further development
and refinement. The review by Rojas et al. (Rojas-Sanchez et al.,
2023) is the most similar to our study, though it focuses on
learning systems that use VR technologies. Instead, our research
focuses on understanding the applications of digital technologies
(AR, VR, and XR) through CV algorithms, and it was discovered
that most of these studies are centered on learning systems.

The content analysis shed light on the frequency and relative
importance of DL and ML algorithms mentioned in the papers.
DL methods are more frequently mentioned, of the analyzed
algorithms, with only Support Vector Machine (SVM) securing a
spot in the top-5. This observation highlights the explicit domain
of DL algorithms in the context of the papers under consideration.
Furthermore, the analysis investigates the relationship between
programming languages and frameworks in relation to the topics
under consideration. Python, the most popular programming lan-
guage, emerges as a critical tool for applying the discussed topics,
while Tensorflow stands out as a prominent framework. These
findings emphasize the significance of Python and Tensorflow in
facilitating the implementation and development of DL and ML
algorithms.

The results of this study advance CV research more generally
as well as the development of immersive technologies. Pushing
the limits of object recognition, image segmentation, and scene
understanding is tested on testbeds such as the applications of CV
algorithms in AR, VR, MR, and XR environments. The knowledge
gained from these applications may be applied to conventional
CV research, leading to improved methodologies and algorithms
that help a variety of industries.

6. Conclusions

In conclusion, this study provides a comprehensive overview
of the current state of research on the use of CV algorithms in
immersive technologies. It highlights the potential applications of
these technologies, identifies the most relevant research themes,
and provides insights into the geographic distribution of research
and the main contributors to the field. The findings of this study
can guide future research and development of CV algorithms
for immersive technologies, ultimately leading to enhanced user
experiences and a better understanding of the potential of these
technologies.
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The findings of this bibliometric analysis reveal a growing
interest in the application of CV algorithms in AR, VR, MR, and
XR environments. The number of publications in this field has
steadily increased over the past decade, indicating the potential
and significance of these technologies in various domains. The
analysis highlights the role of CV algorithms in enabling im-
mersive experiences, such as image processing, object detection,
object recognition and neural networks. These algorithms facil-
itate the integration of virtual and physical elements, creating
immersive digital experiences.

This paper also illuminates the global research landscape in
this field. North American and Chinese authors produce a large
amount of research, with China emerging as the country with
the most publications. Collaboration between countries has been
critical in driving research and advancing the field, particularly
between the United States and China. DL algorithms appear typi-
cally in the publications examined, with DL methods dominating
the rankings. In the context of these technologies, Python and
TensorFlow have been identified as critical tools for implement-
ing and developing DL and ML algorithms.

Overall, this bibliometric analysis provides valuable insights
into the current state of research on CV algorithms in immersive
technologies. The identified trends, gaps, and opportunities can
guide future research directions and foster advancements in this
exciting field.
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