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Preface

Every time some new media appears, civilization accelerates in different directions. 
In the past, time seemed to move more slowly and was measured in weeks, days, 
hours, and minutes. Nowadays, it is measured in seconds, and surely there will 
come a time when it will be measured in milliseconds. We are currently living in the 
era of high-speed internet, laptops, smartphones, and watches, and we are rapidly 
approaching the moment when we will live in the time of a new medium, that of 
augmented and virtual reality.

Augmented Reality (AR) is a discipline that includes the interactive experience of a 
real-world environment, where real-world objects and elements are enhanced using 
computer perceptual information. AR adds elements of the virtual environment 
to the real world so that they look like part of it. This expands the user’s view of 
the world with additional information that is directly embedded in the real world. 
In some applications it is not necessary to completely replace reality with a virtual 
world; sometimes it is only necessary to supplement or improve reality with some 
virtual parts.

AR can be defined as a system that incorporates three basic characteristics: a combi-
nation of the real and virtual world, real-time interaction, and precise verification 
and positioning of 3D virtual and real objects. AR changes the constant perception 
of the real-world environment, while virtual reality completely replaces it with a 
simulated one. AR is associated with two terms: Mixed Reality (MR) and Computer 
Mediated Reality (CMR).

AR is a relatively new area. Although the basic idea appeared in the beginning 
of the twentieth century, its rapid development didn’t begin until the end of the 
same century; it has yet to achieve its full expansion. AR provides direct access to 
information and displays it in the user’s field of vision, intertwining with the real 
world. This allows better, faster, and easier access to information. AR can be applied 
in medicine, manufacturing and maintenance, architecture, robotics, the military 
industry, and entertainment. When it comes to medical applications, AR can be 
used to overlay medical images with the patient, resulting in a kind of virtual X-ray 
that occurs in real-time. The result is that the doctor can see the patient’s organs 
because the body is transparent. In production and maintenance, AR can be used 
to display visual instructions directly onto equipment/machinery, and thus the 
operator, instead of looking at the documentation, has all the necessary information 
at the right time in the right place. AR can be used in interior design to visualize 
structures or installations. For example, virtual furniture can be deployed in an 
actual room, thus one can get an impression of spatial relations and how the room 
will really look with the furniture. Military pilots can use AR to receive additional 
information and guidance as well as to see targets or guided missiles. In these cases, 
the AR display is built into the user’s helmet or on the cabin.

AR is used to enhance the natural or real environment and offers perceptually 
enriched experiences. With the help of advanced AR technologies (computer vision, 
AR cameras in applications for smartphones and tablets, object recognition), 
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information about the real world of users in the environment becomes interactive 
and can be manipulated digitally. It should be noted that AR has a lot of potential in 
the collection and exchange of knowledge.

This book is divided into two parts: “Augmented Reality in Education and Medicine” 
and “Augmented Reality and Engineering.”

The first section consists of five chapters. Although AR applications are used in many 
areas, the most important of these areas is education. AR technology allows the com-
bination of real objects and virtual information to increase students’ interaction with 
physical environments and facilitate their learning. The first chapter in this section 
discusses how AR technology enables students to learn complex topics in a fun and 
easy way through virtual reality devices. Students interact with objects in the virtual 
environment and can learn more about them. For example, by organizing digital 
tours of a museum or zoo in a completely different country, lessons can be taught in 
the company of a teacher as if they were there at that moment. The second chapter 
is dedicated to the experiences of lecturers who used VR resources at a university 
in South Africa. The third chapter discusses cytopathology using high-resolution 
digital holographic microscopy. The fourth chapter presents the latest advances in 
digital holography with one or more wavelengths as well as holographic microscopy. 
The fifth chapter reviews the available AR or extended AR for technical vocational 
education training and skill development and its relevance in increasing the impact 
of student learning in skill centers.

The second section contains six chapters. VR and AR provide researchers, 
government authorities, and rescue teams with tools for recreating emergencies 
entirely through computer-generated signals of sight, sound, and touch (in VR), 
and overlays of sensory signals for experiencing a rich juxtaposition of virtual and 
real worlds simultaneously (in AR). The gap between knowledge and action is filled 
with visual, aural, and kinesthetic immersive experiences that make it possible to 
attend to the population in danger in a deeply efficient way, never experimented 
before. The first chapter in this section is dedicated to this issue. The benefits of 
AR technologies have been well proven in collaborative industrial applications, 
for example, in remote maintenance and consultancy. Benefits may also be great 
in telepresence applications, where virtual and mixed reality (nowadays often 
referred to as extended reality or XR) technologies are used for sharing information 
or objects over a network. The second chapter is dedicated to the advances in 
spatially true 3D telepresence. The third chapter provides an overview of building 
data modeling and the current state of the art in the use of augmented reality in 
various user scenarios of building data modeling and explores various challenges 
that need to be addressed for the adoption of AR technology in architecture, 
engineering, and construction in general. Virtual tools with their pre-set operability 
limit the designer’s ways of interaction with artefacts. The fourth chapter proposes 
a framework for designers to interact with non-design experts through enhanced 
communicative media. The design framework indicates steps of design thinking 
to develop the interface by understanding both the virtual artefacts’ perceptual 
affordance to the users and the design task. The chapter discusses projects tested 
in three different scenarios: urban design, architecture, and product design. 
Inspired by ideas portrayed in science fiction, the authors seek to develop a set of 
AR fashions that showcase scenes from a science fiction novel recently published 
by the principal author. The development team included artists and designers, a 
programmer, and the writer. Significant technical challenges needed to be overcome 
for success, including fabric construction and manipulation, image enhancement, 
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robust image recognition and tracking capabilities, and management of lighting 
and suitable backgrounds. Viewing geometries were also a non-trivial problem. The 
final solution permitted acceptable but not perfect real-time tracking of the fashion 
models and the visualization of both static and dynamic 3D elements overlaid 
onto the physical garments. The fifth chapter is dedicated to this topic. AR is a 
technology that provides more interactive advertising, where you can manipulate 
and be part of it with greater clarity and empathy. In the digital era, companies 
in the retail sector face a new consumer profile that is more digital, more aware, 
and more informed. Therefore companies are in constant competition to impress 
their customers. The sixth chapter in this section describes the importance of 
AR in promoting products and services as an innovative alternative that captures 
attention and influences customer purchase decisions.

I would like to express my sincere gratitude to all the authors and co-authors for 
their contributions. TI would especially like to thank Publishing Process Manager 
Ms. Karmen Đaleta at IntechOpen for her support during the publishing process.

Dragan Cvetković
Singidunum University,

Beograd, Serbia
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Chapter 1

Augmented Reality Research and 
Applications in Education
Ezgi Pelin Yildiz

Abstract

Augmented reality is defined as the technology in which virtual objects are 
blended with the real world and also interact with each other. Although augmented 
reality applications are used in many areas, the most important of these areas is 
the field of education. AR technology allows the combination of real objects and 
virtual information in order to increase students’ interaction with physical envi-
ronments and facilitate their learning. Developing technology enables students to 
learn complex topics in a fun and easy way through virtual reality devices. Students 
interact with objects in the virtual environment and can learn more about it. For 
example; by organizing digital tours to a museum or zoo in a completely different 
country, lessons can be taught in the company of a teacher as if they were there 
at that moment. In the light of all these, this study is a compilation study. In this 
context, augmented reality technologies were introduced and attention was drawn 
to their use in different fields of education with their examples. As a suggestion at 
the end of the study, it was emphasized that the prepared sections should be care-
fully read by the educators and put into practice in their lessons. In addition it was 
also pointed out that it should be preferred in order to communicate effectively with 
students by interacting in real time, especially during the pandemic process.

Keywords: augmented reality research and applications, field of education, 
pandemic process, digital transformation, virtual environment

1. Introduction

Today, rapid changes and advances in science and technology affect and change 
the lifestyle of individuals. Apart from individuals, it is not possible for the educa-
tion process and educational environments not to be affected by this change [1]. 
When the technologies used in educational environments from the past to the 
present are examined, it is seen that there is a transformation from blackboard and 
chalk to the computer and internet world, even to smart technologies with artificial 
intelligence. Especially in recent years, computer and internet technologies have had 
such a wide area of use in our lives that it was unthinkable for education services to 
be left out of the field [2].

The definition of today’s learners as Z generation and/or digital generation and 
their characteristics require educators to follow technological developments and 
use the most appropriate technological tools in learning environments. One of these 
new technologies is augmented reality applications in education. When the litera-
ture is examined, there are many definitions of the concept of augmented reality 
made by researchers. Some of these definitions:
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Augmented reality according to Milgram and Kishino [3]; “it is a reality environ-
ment where digital media products are used instead of real world objects” appears 
to be the most general definition. According to Azuma [4], augmented reality is a 
derivative of virtual reality. According to this definition, augmented reality is vir-
tual environments in which existing reality is supported, not created from scratch. 
In this context virtual and real objects in augmented reality environments offered to 
users in harmony. Augmented reality creates the interactive environment between 
the virtual and real world. Augmented reality is used to achieve this [5, 6]. When 
the definitions in the literature are examined, as a common definition; augmented 
reality can be defined as real worlds enriched using virtual objects.

When the important areas where Augmented Reality (AR) Technology is used 
are examined;

• Education

• Health

• Marketing

• Game and Video

• Tourism

• Build

• Cinema

• Food

• Art and Museums

• Automotive

• Device Maintenance/Support

With the rapid development of Augmented Reality applications day by day, 
usage areas in many sectors are starting to increase. Major brands have started to 
give importance to providing a more realistic and embodied experience to their 
customers by using Augmented Reality (AR). This technology, which appears 
in many fields such as cosmetics, automobiles, construction, food, combines 
the virtual world with real life. Identifying target audiences, tracking and using 
technology in brand awareness and sustainable marketing is now vital for com-
panies. The most importantly, companies from the public or private sector  
invest on enhanced technology in order to better promote or market their 
services/products and need talented people/firms in this field. In this context, 
augmented reality applications offer these services to businesses with technology 
support.

Although augmented reality applications are used in many areas, the most 
important of these areas is the field of education. New opportunities offered by AR 
technology for education have started to attract the attention of educators over time 
[7]. When these new opportunities and advantages are evaluated [8–11]:

• to provide students with more flexible and interesting learning environments,
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• to experience an excitement they have never experienced before,

• to increase their willingness and motivation to learn,

• to help students make active observations during their learning processes and 
to form hypotheses as a result of these observations,

• to increasing students’ learning performance and helping them establish social 
interactions within the group,

• to bridging formal and informal learning and encouraging students to learn 
collaboratively,

• AR technology; it gives a feeling of independence from the place, freedom and 
personal,

• to creating new opportunities in education by promoting learning.

• it is possible to rank as.

When the augmented reality technologies, which are frequently used in the field 
of education, are examined, wearable technologies draw attention. Wearables are 
loaded with smart sensors that track body movements. Usually these products use 
bluetooth, Wi-Fi and mobile internet connection to sync with smartphone wire-
lessly. Users are connected to wearable devices with the help of sensors. Wearable 
technology products that are always with the user; it provides important services 
in many areas, especially in entertainment, health, work, information, education, 
socialization and security.

Wearable technologies in the field of education are used in learning-teaching 
environments. Modern visualization techniques help students explore existing 
educational resources and new knowledge (Figure 1) [12].

Wearable technologies frequently used in education:

• Internet of things

• Smart watches

• Google – Glass Project

Figure 1. 
Wearable technologies the past and present and future.
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• HoloLens – Microsoft:

• Oculus Rift – Facebook

• Bracelets, Rings and Necklaces

• Smart Clothing and Tattoos

These tools, which can also be named as wearable computers in the literature, 
reveal a commensalistic relationship between human and computer however, the 
daily life of the individual has a structure that enriches their experience [13]. From 
smart watches to wristbands, sensor accessories such as rings and necklaces, virtual 
reality glasses, Google Glass project and derivative smart glasses, as well as smart 
optical lenses and headphones, many things can be shown among wearable tech-
nologies [14].

When the programs that enable the use of AR technologies in education are 
considered:

• Augment – 3B

• Google Translate

• SketchAR

• Wikitude

• LifePrint Photos

• Smartify

• Spyglass

• Blippar

• Aurasma

In the light of all this information, the purpose of this chapter; the use of aug-
mented reality environments and applications in the field of education, the programs 
and technologies used in this context, and the researches are discussed in detail.

The new normal situation, especially with the pandemic process, also creates 
an opportunity for more educators to try new generation technologies (VR and 
AR technologies) beyond video and teleconferencing applications. It is predicted 
that such research studies will be important so that educators realize the benefits of 
these technologies and use them actively in learning environments.

2. Conceptual framework

Augmented reality (AR) has been slowly but surely following its predecessor 
virtual reality in changing the education sector—digitizing classroom learning, and 
making training more diverse and interactive. In this section, current studies in the 
literature in recent years on the integration of augmented reality applications into 
education are given. When these studies are examined;
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Çetin [15], investigated the effect of augmented reality-based stories on reading 
skills in his research. In the research, augmented reality based story text samples 
were presented to primary school 3rd grade students (Figure 2).

A scoring key was developed for the answers given to the questions prepared by 
the researcher to measure the skills of expressing what they read in writing. As a 
result of the research, it was observed that the augmented reality-based stories did 
not have a significant effect on the reading motivation and reading comprehension 
skill levels of the students, but they created a positive significant difference on their 
ability to tell what they read in written and verbal form. In addition, as a result of 
the research, it was observed that the reactions of the students towards the texts 
increased.

As a similar study Baysan and Uluyol [16], the effect of the use of augmented 
reality books (AR-books) on the academic success of the students and the students’ 
opinions about the environment were investigated in his study. The AR-based 
teaching material developed by the HITLibHZ-BuildAR program was used in the 
laboratory environment for the experimental group of 22 people and the course was 
taught by the researcher. As a result; according to the qualitative data obtained from 
the students, AR is a promising technology. Educational AR applications should be 
used in areas that require 3D spatial visualization such as Geometry and Geography 
rather than technology education. Participants support the use of AR in Computer 
Hardware training, with better developed platforms and more professional designs 
(Figure 3).

Almusawi et al. [17], in their study, they discussed innovation in physical 
education: teachers’ perspectives on readiness for wearable technology integration. 
The study is a case study and includes semi-structured interviews with 38 public 
school physical education teachers. The following scheme was used in the study 
(Figure 4).

Figure 2. 
Augmented reality based story text samples.

Figure 3. 
Augmented reality application book sample.
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The findings show that physical education teachers have concerns about the 
design aspects of wearable technologies in terms of material design and device suit-
ability for physical education. To eliminate these concerns, it is proposed to provide 
innovative learning environments that impact technology through collaborative, 
competitive, engaging and evidence-based learning experiences through wearable 
technologies that provide comfort, enhanced wearability and injury prevention in 
physical education.

It is understood from the existence of studies in the literature that augmented 
reality technologies have been used frequently in medical education recently. When 
the relevant studies in the literature are examined (Figure 5).

Kucuk et al. [18], a new perspective in medical education multimedia applica-
tions: augmented reality has been studied in their research. As a result, it is difficult 
to understand the subjects including the structure of the brain and vessels such 
as neuroanatomy in medical courses, in this direction, it was emphasized that AR 
applications could be developed to facilitate the learning processes of students 
in such subjects. Considering the characteristics of today’s students in the digital 
citizen group, it has been suggested in the study that students should be supported 

Figure 5. 
Use of augmented reality technologies in medical education.

Figure 4. 
Augmented reality application book sample.
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with various technological solutions in this process, at this point, the dissemination 
of medical augmented reality applications that are based on the learning approach 
anytime and anywhere and support individual learning.

3. Augmented reality applications used in education

Augmented reality, a concept that has been frequently encountered recently, 
promises a future where we can get away from the world we live in, create a new 
worlds and enter ‘inside’ our imagination. By adding this technology with which 
we can ‘beautify’ the world we live in, make brand new additions to our world and 
bring our imagination to the place we live in, we started to manipulate our real 
world at the same time, while constructing mixed reality virtual worlds that we use 
together. It has become compulsory to benefit from these privileges and advantages 
that augmented reality offers to our lives, especially in terms of education, on behalf 
of the Z generation youth.

It is now possible to use these technologies in learning and teaching environments 
by making use of the ready-made programs of augmented reality. When the literature is 
examined, the frequently used programs and application areas are below:

3.1 Augment: 3B

Augment is an ARCore-based mobile app to visualize 3D models in Augmented 
Reality, integrated in real time in their actual size and environment. Balak and Kısa 
[19] investigated the effects of this application on technical drawing education in 
their studies. The data obtained as a result of the use of Augmented Reality technol-
ogy in the technical drawing course of the 2015–2016 period were examined. As a 
result; the result of the survey made with the pre- and post-tests applied; it has been 
determined that the students understand and adopt the Augmented Reality technol-
ogy, which is a modern education tool, and this technology increases their interest 
in the lesson (Figure 6).

3.2 Google translate

According to Google, the Translate app currently supports text translations 
between 103 languages, offline translations for 52 languages and Word Lens-based 
augmented reality translations for 30 languages. Aiming to make life easier for users 
with its mobile translation application, Google offers Instant camera translation; 
It started to support a total of 88 languages with the addition of 60 new languages 
such as Arabic, Hindi, Malaysian, Thai and Vietnamese etc. (Figure 7).

Figure 6. 
Technical drawing with 3D modeling with AR technologies.



Augmented Reality and Its Application

10

3.3 SketchAR

SketchAR, which is an application that combines augmented reality and draw-
ing, is among the applications frequently preferred by artists recently. SketchAR, 
which is basically a drawing application made available to artists, confirms that 
digital works created by artists are unique and original, making them accepted as 
NFT (data unit). SketchAR, an initiative founded in 2017 by Aleksandr Danilin, 
Alexander Danilin and Andrey Drobitko in Lithuania, offers its users a different 
drawing experience by combining augmented reality technology with drawing, 
together with artificial intelligence support (Figure 8).

3.4 Wikitude

Wikitude initially focused on providing location-based augmented reality 
experiences through the Wikitude World Browser App. In 2012, the company 
restructured its proposition by launching the Wikitude SDK, a development 
framework utilizing image recognition and tracking, and geolocation technologies. 
Wikitude initially entered the market with its geo location AR app. The Wikitude 

Figure 8. 
Drawing courses with SketchAR.

Figure 7. 
Augmented reality-based Google translate app.
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app was the first publicly available application that used a location-based approach 
to augmented reality (Figure 9).

It is supported by studies in the literature that this application is also used in 
geography education. Wikitude; it is a complete AR development platform used by 
major brands, travel catalogs, retailers and publishers to deliver a variety of engag-
ing solutions.

3.5 LifePrint photos

Life Print is an Android and iPhone photo and video printer. The Life Print 
program uses augmented reality to magically bring photos to life (Figure 10).

3.6 Smartify

The application starts with permission from users to access camera and loca-
tion. With camera access, the artwork is scanned, and according to the location, it 
provides the opportunity to get information about which museums are and how far, 
how many artworks of art they are, open and closed hours, and to see some of the 
artworks in the museum. The application has three basic directions; scan, profile 
and explore (Figure 11).

Figure 9. 
Wikitude world browser app.

Figure 10. 
Augmented reality app: LifePrint photos.
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3.7 Spyglass

Spyglass app is a program that allows users to turn their smartphones into a 
compass, gyroscope, star tracker and more (Figure 12).

3.8 Blippar

Blippar uses augmented reality, artificial intelligence and computer vision to 
provide you with information about what you find around you. It is quite success-
ful with its advanced image recognition algorithms that find out what the objects 
are and bring the relevant information. Blippar will introduce the feature that will 
allow its users to create their own profiles very soon, but it will be possible to get 
detailed information about a person with the innovation called Augmented Reality 
Face Profiles (Figure 13).

Figure 12. 
Locating with spyglass technologies.

Figure 11. 
Augmented reality app: Smartify.
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3.9 Aurasma

One of the web 2.0 tools using Augmented Reality technology is the Aurasma 
application. Interactive virtual reality materials can be created free of charge with 
the Aurasma web 2.0 tool. With these materials, students can be taught more effi-
ciently, and very effective information can be provided outside the classroom [20]. 
How to Use Aurasma Web 2.0 Tool in Education:

• by creating animated and interactive boards

• prepare interactive lecture notes or handouts

• interactive presentation of albums or details about activities such as observa-
tion projects, experiments (Figure 14).

According to Onder [21], the Aurasma application draws attention with its abil-
ity to provide AR environments and opportunities to teachers and students, ease of 

Figure 13. 
Unlock augmented reality of everyday objects and places with the Blippar app.

Figure 14. 
Educational use of Aurasma app.
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use, support for distance education, creating individualized learning environments 
and being used as an evaluation tool.

4. Method

This research is an example of a literature review. A literature review is a search 
and evaluation of the available literature in your given subject or chosen topic area 
[22]. At the end of the study, it was emphasized that the prepared sections should 
be carefully read by the educators and put into practice in their lessons. In addi-
tion it was also pointed out that it should be preferred in order to communicate 
effectively with students by interacting in real time, especially during the pandemic 
process.

5. Conclusion and suggestions

In this research, a detailed analysis of the augmented reality environments 
and applications that are frequently used in the design of learning and teaching 
environments in the education sector with the digitalization process is included. 
As the general results of the research; today, with the introduction of technolo-
gies into educational environments, different tools and materials have begun to 
be used in teaching methods. In this context, it is seen that the inclusion of mobile 
tools and mobile applications in learning environments has become widespread 
recently. With this rapid development in mobile technologies, new media environ-
ments, in which interactivity increases, offer an increasing number of services to 
the user. One of the environments where this interaction is provided and which 
can integrate objects in virtual environments with real objects is technologies that 
offer “Augmented Reality (AR)”. These technologies allow virtual objects to be 
superimposed on real images. AR tools consist of camera, computer infrastructure, 
a marker and tangible objects.

One of the most important sectors in which augmented reality technologies are 
used is the education area. Augmented reality applications help students under-
stand abstract concepts in the learning and teaching process; it provides environ-
ments where students can share information within the group. In addition, it has 
been supported by studies in the literature that these environments significantly 
increase students’ learning. In addition, it was emphasized that augmented real-
ity increases the interests, motivations and experiences of students in the field of 
education and plays a role in transferring the knowledge and skills gained in the 
virtual environment to real environments.

In all this context; increasing the use of learning environments of augmented 
reality environments and applications, where the effectiveness of its use in educa-
tion has been determined to this degree, in different levels and course contents is 
the most important suggestions of this research.
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Chapter 2

Lecturers’ Experiences in Teaching 
Using VR Resources at a Selected 
University, South Africa
Olika Moila, Andile Mji and Sibongile Simelane-Mnisi

Abstract

Globally, academics have reconnoitered the various benefits of virtual reality 
(VR) in education. This study explored the lecturers’ experiences with VR resources 
in teaching and learning environments with pre-service teachers at one of the 
selected universities in South Africa. The study engaged a qualitative method, 
comprising of semi-structured face-to-face interviews with 6 lectures. The data 
from the interviews were evaluated by hand and the findings from this study were 
precisely described as given by the interviewees. These findings specified that the 
lecturers acknowledged the effectiveness of the use of VR resources in teaching and 
learning since all activities become more concrete., However, the lecturers indicated 
that there were some challenges that hindered them from employing VR resources 
into their teaching and learning environments and these included a lack of adequate 
lecturer development for the use of VR tools for teaching; inadequate VR tools for 
teaching and learning in their departments; VR resources were not tailor-made 
for their current curricula; and inadequate funding for 4IR resources. Hence, this 
study recommended that this university should immediately provide all the support 
required to facilitate the lecturers’ use of VR resources for teaching to avoid the use 
traditional teaching and learning methods.

Keywords: virtual reality resources, challenges, traditional teaching and learning 
methods, ripple effect

1. Introduction

Fourth industrial revolution tools are being increasingly integrated into teaching 
and learning in education [1]. Globally, people are exploring the potential of these 
emerging technologies, which among many other mobile devices include virtual 
realities (VR) [2–4]. Furthermore, research also maintains engagement with VR 
enhances the experience or a sense of ‘being there’ in the environment [5]. Virtual 
reality enhance knowledge of abstract concepts, thus make impossible tasks to 
undertake in the real world possible [6]. In other words, VR allow participants to 
experiment with objects virtual more easily ‘making the unseen seen’, machines [7].

Even though VR is not new, the recent advances in immersive technologies 
in terms of visualization and interactions have made VR increasingly attracted 
attention by researchers. The use of VR enhances immersion of a user in a virtual 
environment, thus providing a sense of “being” in the task environment instead. 
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The immersion of a being in a virtual reality as the perception of being physically 
present in a non-physical world through the creation of images, sound, or other 
inducements so that a participant feels he or she is actually “there” [8]. However, 
this is not the case at the selected departments of university involved in this study 
as the pre-test study on the use of 4IR tools to equip pre-service teachers indicated 
ineffective preparation of students for the 4IR world. It is in this regard that the 
researchers embarked on this study as an intervention in order to enhance the 
lecturers’ experiences with VR resources to enable pre-service teachers bridge  
the physical distance in teaching and learning environments at one of the selected 
universities, South Africa.

2. Review of literature

The general concept of immersive VR was developed back in the late 80s in 
which participants interact with a world completely generated by [9]. One of the 
main characteristics of VR is that the environment is a full scale replica of the real 
world and it relates to human size. Hence, the participants get the feeling as if they 
are interacting with the real environment or subject, and that VR applications 
include either real or abstract worlds [10]. In addition, through engaging in virtual 
reality, we can enter and interact with a world that either does not exist or it is dif-
ficult to access due to costs or safety reasons [9].

Virtual reality has been described as one of the most effective and necessary 
teaching and learning resources of the 4th industrial revolution [11]. Moreover, 
research argues that students tend to retain more information and gain more practi-
cal skill through their engagement with VR tools [12]. Virtual reality allows us to 
scrutinize all matter through touching, moving and manipulating it [13]. In other 
words, the use of VR allows participants to be totally engrossed in a self-contained 
artificial or simulated environment while experiencing it as real [14]. Hence, these 
tools can offer rich and complex content-based learning, as well as enhance stu-
dents’ technical, creative, and problem-solving skills [14].

A substantial body of researchers acknowledge that there are many potential 
benefits of introducing VR in education and training that would not be possible 
in traditional methods, and that these include: education which is not possible in 
reality, will be possible in virtual reality; virtual game-based experience increases 
students’ motivation; collaboration in virtual reality classroom fosters social inte-
gration of learners; learning is achieved by direct interaction, not by mouse clicks; 
the results from the learning process are truly assessed [15–17].

Moreover, the use of VR is said to have advantages in teaching and learning that 
are not experienced when traditional pedagogy is practiced for delivering curricula 
[18]. This researcher points out that these advantages include enhanced motivation 
on the part of students; improved communication between lecturers and students; 
more comprehension of seemingly abstract concepts; and more individual learning 
needs are accommodated [18].

Despite the substantial benefits that the use of VR tools are said to have in the 
classroom, educational institutions are not free of significant challenges. Due to 
financial constraints many educational institutions are reluctant to invest in fourth 
industrial tools [19]. Furthermore, one of the biggest challenges faced by the use of 
these tools, including VR resources is the lack of relevant content. Developing more 
content can be very costly, and not every educational institute has the means to hire 
a software development company to help them produce content [19].

Echoing similar sentiments, it has been noted that cost is the primary challenge 
of 4IR tools, in this case VR tools in most markets, and especially so in education, 
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hence funding is one of the primary barriers for massive adoption of VR solu-
tions within educational systems, due to the high cost of relevant tools as there are 
limited financial resources in many educational institutions [20].

Moreover, knowledge about how to integrate VR technology in courses 
and the lack of time for learning and planning how to do this has also been 
identified as a challenge for pedagogical VR use at university level [21]. It has 
also been highlighted that opportunities to enact VR technologies is limited 
due to shortcomings in practitioners’ continuing professional development 
 opportunities [22].

3. Research methodology

This study used a qualitative research methodology to explore the experi-
ences of 6 lecturers on their use of VR resources to teach pre-service teachers. 
Qualitative researchers assume that everyone views the world in their own way 
[23]. Hence, a qualitative approach was preferred for the reason that it shows a 
great potential value to this study for the researcher to get comprehensive and rich 
data on the experiences of lecturers in the use of VR resources for teaching. Since 
a qualitative approach assumes that the world cannot be viewed as a single reality, 
it was suitable to be used in this study because the way the participants give dif-
ferent accounts of their experiences on the use of VR resources depended on their 
natural setting. In this study, convenience sampling was used to select the par-
ticipants. In this regard, convenience sampling is a type of sampling that involves 
the selection of the most accessible subjects, it is the least costly to the researcher, 
on terms of time, effort and money [24]. Hence, the researchers engaged face-to-
face interviews with the six selected lecturers from various departments at the 
faculty of humanities in order to elucidate responses on their experiences with 
VR resources in teaching activities. In this qualitative study, the researchers were 
obliged to ensure that the research findings were credible and trustworthy so that 
they could be interpreted, applied in the field and benefits researchers and other 
interested parties.

Validity in qualitative research refers to the degree of resemblance between 
the explanation of the phenomenon and the realities of the situation in the given 
contexts [25]. Hence, in this study the four trustworthiness criteria which include 
credibility, transferability, dependability and confirmability were applied [26]. 
These criteria and their peculiar activities were adhered to in this study. Prior to 
the study, the researchers ensured that all the participants were informed about 
the purpose of the study. Participation in the study was voluntary as participants 
were informed of their rights to withdraw from the study at any time. Consent 
forms were be to participants to confirm or decline their participation in this 
study. Confidentiality and anonymity was ensured by using avoiding participants’ 
real names.

4. Results and discussion

The demographic information of the lectures who participated in this study 
was elicited through the first part of the interview schedule. This was done in order 
to better contextualize the results. Table 1 below represents the profiles of the 
participants:

The study reconnoitered the lecturers’ views under the following themes which 
emerged from their responses:
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5. The adequacy of VR resources to equip students with required skills

The lecturers were requested to explicate their experiences on whether or not 
there were adequate VR resources to equip pre-service teachers with required skills? 
Some of the lecturers’ views are presented below:

• The department does not have adequate VR resources to use during and outside 
lecture rooms;

• If lecturers do not even have the resources, you can imagine the challenge 
 relating to students’ access to VR resources;

• VR resources are inadequate;

• I have not seen any except the personal smart phones that we have, but absence 
of Wi-Fi makes it impossible to use VR resources in classes;

• The department is not yet ready for the use of VR resources for teachers;

• There are not adequate VR resources, our line managers must procure for 
all of us.

Although globally, 4IR tools are increasingly being integrated into teaching and 
learning in education [1], the findings in theme 1 above indicate that this is not the 
case at the institution involved in this study. The lecturers stress that there is a lack 
of adequate VR resources, hence they are not yet ready to use these tools in their 
teaching and learning environments.

6. Benefits of using VR resources for teaching

The researchers explained to the participants how VR resources work (google 
expedition sites and googles), as well as allowed them to experience their use. 
Lectures were then requested to indicate any experienced benefits of using VR 
resources for teaching. In this regard, the following are some of the responses from 
the interviews:

Gender Female Male

2 4

Age 20–30 years 31–40 years 50 years and above

2 3 1

Level taught Level 1 Level 2 Level 3

1 3 2

Lecturing Experience at 
university

1–5 years 6–10 years 11–15 years 16 years and 
above

2 2 1 1

Table 1. 
Profiles of the lecturers.
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• VR resources have great effect as the add to the current conversations of 4IR;

• Learning becomes concrete through the use of VR resources; and the interac-
tion would arouse interest in students because of the current generation being 
the digital-age generation

• VR resources help to bring real-life realities into the classroom

• These tools eliminate challenges as students are able to see or view real-life 
videos in which concepts are clarified easily

• I think VR resources have a positive effect as they enhance knowledge in teach-
ing and learning

• Through the use of VR tools, the students will be able to relate their academic 
work to the outside real world

The lecturers’ perceptions on the benefits of using VR resources for teaching 
are supported by a substantial body of researchers who acknowledge that there are 
many potential benefits of introducing VR in education and training that would not 
be possible in traditional methods, and that these include: education which is not 
possible in reality, will be possible in virtual reality; virtual game-based experience 
increases students’ motivation; collaboration in virtual reality classroom fosters 
social integration of learners; learning is achieved by direct interaction; and the 
results from the learning process are truly assessed [15–17].

Moreover, knowledge about how to integrate VR technology in courses and the 
lack of time for learning and planning how to do this has also been identified as a 
challenge for pedagogical VR use at university level. It has also been highlighted that 
opportunities to enact VR technologies is limited due to shortcomings in practitio-
ners’ continuing professional development opportunities [22].

7. Challenges of using VR resources for teaching

Lecturers were requested to elucidate their perceptions on the challenges of 
using VR tools for teaching and learning. In response, the following are some of the 
views from the interviews with the concerned lecturers:

• Like any other learning resources, VR resources have their own vocabulary and 
failure for the individuals to understand their operational aspect, therefore 
challenges would persist;

• The use of VR might be a problem to implement them if these resources are not 
tailor-made for the current curricula;

• These resources may only be used effectively if they are compatible with the 
users’ abilities, otherwise trying to use them in the existing syllabi would not 
be effective;

• A lot of adaptability needs to be done for these tools to make a positive impact 
in education;
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• Issued relating to professional development, funding and curricula alignment 
to the use VR tools need urgent consideration;

• Affordability and the feasibility of procuring of VR tools for all subjects need 
to be well planned for, otherwise we will not be able to use these resources 
anytime soon.

As indicated in lecturers’ perceptions on the challenges of using VR tools for 
teaching and learning, operating with the realities of tight budgets and competing 
demands for funds, many educational institutions are reluctant to invest in what 
seem like expensive gadgets with no immediate tangible benefits [24]. Furthermore, 
he adds that one of the biggest challenges faced by VR education is the lack of 
content. The fact is that developing more content can be very expensive, and not 
every educational institute has the means to hire a software development company 
to help them produce content [19].

8.  The influence that the use of VR has in the enhancement of teaching 
and learning compared to the traditional methods

The lecturers were asked to elucidate their experiences on whether or not the 
use of VR has any influence in the enhancement of teaching and learning com-
pared to the traditional methods. Some of the lecturers’ views are presented  
below:

• Yes, the VR resources may enhance teaching and learning only if the subject 
content is well researched and well aligned to the curriculum;

• Since these resources enable students to be practically engaged, they should 
enhance teaching and learning in a better way compared to the traditional 
methods;

• Yes, since the VR resources bring the world to the teaching and learning envi-
ronment, they enhance teaching and learning activities more than traditional 
methods;

• The use of VR resources responds to the needs of the students, who are digi-
tally savvy;

• VR tools enhance teaching and learning since students will learn through see-
ing and touching, hence become totally in control of their learning;

• VR resources give more meaning to learning content since abstract concepts 
can explained in a simpler manner than in traditional methods.

The lecturers’ responses to whether or not the use of VR has any influence in the 
enhancement of teaching and learning compared to the traditional methods are in 
line with views echoed in literature. Moreover, the use of VR is said to have advan-
tages in teaching and learning that are not experienced when traditional pedagogy 
is practiced for delivering curricula [18]. These advantages include enhanced moti-
vation on the part of students; improved communication between lecturers and 
students; more comprehension of seemingly abstract concepts; and more individual 
learning needs are accommodated [18].
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9.  The possible solutions to any perceived challenges that hinder VR 
tools from being used in some classes

The lecturers were asked briefly provide their own views of the solutions to any 
perceived challenges that hinder VR tools from being used in some classes. Some of 
the lecturers’ views are presented below:

• All lecturers in the department urgently need more training on the use of these 
resources;

• I personally need to catch up with latest trends but it starts with training and 
procurement of VR resources which are still at a very low level now;

• There is need for intensive lecturer development in the use of VR resources;

• All lecturers and students must be provided with VR tools and Internet access;

• The department must provide adequate VR tools and equipment, as well as 
align curricula to the use of resources such as these;

• There should be adequate resources and training, as well as continuous support 
on the use of these modern tools for teaching and learning.

The lecturers’ views on the solutions to any perceived challenges that hinder VR 
tools from being used in some classes are supported in research which indicates that 
knowledge about how to integrate VR technology in courses and the lack of time for 
learning and planning how to do this is a challenge for pedagogical VR use at univer-
sity level [21]. It has also been highlighted that opportunities to enact VR technologies 
is limited due to shortcomings in practitioners’ continuing professional development 
opportunities [22]. Hence, the effective use of VR tools in teaching and learning 
environments can only be realized once the said challenges are dealt with.

10. Conclusions and recommendation

The findings indicated there were various benefits that VR resources have in edu-
cation, and these included the following: 1. they add to the current conversations of 
4IR; 2. learning becomes concrete through their use and the interaction would arouse 
interest in students because of the current generation being the digital-age genera-
tion; 3. They help to bring real-life realities into the classroom; 4. they eliminate 
challenges as students are able to see or view real-life videos in which concepts are 
clarified easily; 5. they have a positive effect as they enhance knowledge in teaching 
and learning; 6. VR resources may enhance teaching and learning only if the subject 
content is well researched and well aligned to the curriculum; 7. VR resources have the 
potential to enhance teaching and learning in a better way compared to the traditional 
methods; 8. VR resources bring the world to the teaching and learning environment 
hence, they enhance teaching and learning; 9. the use of VR resources responds to the 
needs of the students, who are digitally savvy; 10. VR tools enrich teaching and learn-
ing since students learn through seeing and touching, hence become totally in control 
of their learning; 11. VR resources give more meaning to learning content since 
abstract concepts can explained in a simpler manner than in traditional methods; and 
12. Students are able to relate their academic work to the outside real world.

However, the findings also indicated that: 1. there was lack of adequate lecturer 
development for the use of VR tools for teaching; 2. There was inadequate VR tools 
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for teaching and learning; 3. the use of VR was a problem to implement since these 
resources were not tailor-made for the current curricula that the lecturers were 
expected to effectively deliver; 4. Lectures were not compatible with the use of VR 
tools as they lack adequate training; and 5. There was a lack of adequate funding for 
the procurement of 4IR resources.

It was evident that there were significant dynamics that prevent some lecturers 
from the use of VR tools to equip pre-service teachers. Lecturers need ongoing 
support to be able to use 4IR tools, in this case, VR resources for teaching, which 
are described as some of the most effective and necessary teaching and learning 
resources of the this revolution [11]. To add on to this view, it is also suggested that 
students retain more information and can better apply what they will have learned 
after participating in VR exercises [12].

Based on these findings, the study recommends that the departments in which the 
participants of this study belong to should urgently provide all the support required to 
facilitate the lecturers’ use of VR resources for teaching. This should be done through 
engaging intensive professional development at all levels; and through the procurement 
of all relevant VR tools; as well realigning the current curricula to suit the use of VR 
resources. It is highly recommended that the lecturers and students in this institution 
urgently access the opportunities of VR resources as this would provide lifelike and 
collaborative teaching and learning environments. Moreover, the use of VR resources 
would enhance students’ concrete experience and active experimentation with phe-
nomena. Without VR resources, lecturers would have no choice but continue to use 
traditional pedagogy, which hinders the comprehension of abstract concepts, as there 
would be no room for concrete experiences and reflective observation by students.

It is therefore, of utmost importance that VR be employed within teaching 
and learning environments as it provides new forms and methods of visualiza-
tion, drawing on the strengths of visual representations [27]. Furthermore, this 
researcher maintains that the use of VR provides an alternate method for presenta-
tion of material, and in some cases, it can more accurately elucidate some configu-
rations and processes than by other means, allowing extreme close-up examination 
of an object, observation from a great distance, and observation and examination 
of areas and events unavailable by other means [27]. Hence, this study strongly 
recommends use of VR resources by lecturers and students in their teaching and 
learning environments in order to effectively prepare the novice teachers to infuse 
these resources in their practices as expected in this 4IR era.
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Abstract

We summarize a study involving simultaneous imaging of cervical cells from
Pap-smear samples using bright-field and quantitative phase microscopy. The opti-
mization approach to phase reconstruction used in our study enables full diffraction
limited performance from single-shot holograms and is thus suitable for reducing
cost of a quantitative phase microscope system. Over 48000 cervical cells from
patient samples obtained from three clinical sites have been imaged in this study.
The clinical sites used different sample preparation methodologies and the subjects
represented a range of age groups and geographical diversity. Visual examination of
quantitative phase images of cervical cell nuclei show distinct morphological fea-
tures that we believe have not appeared in the prior literature. A PCA based analysis
of numerical parameters derived from the bright-field and quantitative phase
images of the cervical cells shows good separation of superficial, intermediate and
abnormal cells. The distribution of phase based parameters of normal cells is also
shown to be highly overlapping among different patients from the same clinical site,
patients across different clinical sites and for two age groups (below and above
30 years), thus suggesting robustness and possibility of standardization of quanti-
tative phase as an imaging modality for cell classification in future clinical usage.

Keywords: cervical cell imaging, quantitative phase, cell classification and
characterization, early cancer diagnosis

1. Introduction

Cervical cancer is the fourth most prevalent cancer among women worldwide.
Human Papillomavirus (HPV) is known to be the main cause of cervical cancer [1].
It is well-known that cervical cancer has long latency period. Pre-malignant abnor-
malities in cervical cells can take up to a decade to progress to carcinoma. Early
diagnosis of pre-cancerous cervical cells and treatment help in halting the progres-
sion of this fatal cancer [2]. The five year survival rate for patients suffering from
cervical cancer has been documented to be over 60% [3]. In spite of the long latency
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period for cervical cancer to develop, the mortality rate among cervical cancer
patients is high in developing countries due to shortage of skilled clinicians and lack
of effective screening tools [4, 5].

The cervix which is the innermost part of uterus is sub-divided between the
endo-cervix and ecto-cervix regions. The endo-cervix is composed of glandular cells
whereas the ecto-cervix is made up of squamous cells. Transformation zone is the
place where these regions adjoin, and where most of the cervical cancer is known to
originate [6]. Starting with the transformation zone the cells in the squamous region
are typically classified as basal, para-basal, intermediate and superficial respec-
tively. The majority of cells in a typical Pap-smear cell sample used for examination
by clinicians are from the intermediate and superficial outer layers. The classifica-
tion of precancerous cells as low grade and high grade is established through
Bethesda system [7, 8] which is based on morphological changes in the cells (par-
ticularly the cell nuclei). Traditionally the detection of precancerous cervical cells is
primarily performed using cytological screening. The widespread usage of liquid
based cytology (LBC) in recent years has made the process of sample preparation
and examination more uniform. However, screening methods based on visual
inspection can suffer from both inter- and intra-observer variability. Machine
learning based approaches have gained attention in this regard [9–13] and standard
benchmark datasets of cervical cell images have been created [14, 15]. The goal of
machine learning approaches is to make the process of cell classification at least
semi-automated and to provide an assisting tool for cyto-pathologists.

The machine learning based studies have focused mainly on the 2D bright-field
images of the cervical cells and their nuclei. Since cells are 3D objects, we believe
that additional morphological information in the third (depth) dimension of cells, if
available, can provide new information and help any image based cell classification.
Digital Holographic Microscopy (DHM) is an interferometric imaging technology
[16–18] which can fill this gap and provide quantitative phase information that may
then be related to the depth dimension of the cells. When a coherent beam of light
of wavelength λ is transmitted through a cell, the wave-front undergoes a phase
change given by:

ϕ x, yð Þ ¼ 2π
λ

ð
dz n x, y, zð Þ: (1)

Here n(x,y,z) represents the refractive index distribution within the cell relative
to its surroundings. It is important to understand that phase provides new non-
redundant information that cannot be derived from the usual 2D bright-field
images. The phase change ϕ x, yð Þ cannot be measured directly by a 2D array sensor
but may be recorded in the form of an interference fringe pattern. Here the coher-
ent light source is first split into two beams, one of the beams passes through the cell
sample and the other reference beam travels through free space before the two
beams are recombined to record an interference pattern. As per Eq. (1), the phase
function contains information on optical path length (product of refractive index
and thickness) through the cell sample at location x, yð Þ. While quantitative phase
images have been shown to provide interesting new information about cancer cell
morphology [19–22], clinically this modality is not yet popular and clinician are not
trained to interpret quantitative phase images. We therefore follow a protocol
where a focused bright-field image of a cervical cell is recorded along with phase
image of the cell in the same focus plane. This way the clinicians can correlate with
their traditional knowledge and treat phase images as an additional channel of
morphological information. Recently we demonstrated such an approach for
unsupervised organization of cervical cell images [23]. In the present imaging study
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over a much larger sample size with samples collected from different clinical sites,
we examine the structural changes in phase images of cervical cell nuclei and
highlight their potential importance for cell classification. Even though 2D images
are able to distinguish between the major stages of normal cells, the phase images
allow one to observe the morphological changes as the cells evolve through these
stages. Additionally we examine the structural characteristics of abnormal samples
as identified by practicing cyto-pathologists.

Traditional DHM systems are based on single-shot off-axis interference configu-
ration or the multi-shot phase shifting con-figuration. The single-shot off-axis sys-
tems are simpler and cheaper to build but the conventional Fourier filtering approach
for phase reconstruction in these systems leads to sub-optimal phase resolution. The
multi-shot phase shifting configurations offer full resolution but are hardware inten-
sive and require stringent vibration isolation thus making them difficult to employ in
clinical settings. In recent years our group has developed optimization based phase
reconstruction algorithms [24–27] for single-shot DHM systems which offer the
simplicity of hardware without compromising on resolution and quantitative phase
accuracy. The full diffraction-limited resolution capability of our system allows us to
treat the bright-field and phase images on par (with respect to their lateral resolu-
tion). The single-shot operation also reduces the cost of building a DHM system
making it more accessible for wider deployment. Based on our imaging study we find
that the phase images contain important morphological information associated with
different classes of normal as well as abnormal cells. Further this phase information is
seen to be robust across the samples from three clinical sites. Also the samples
consisted of age group of 17–60 years of the subjects. The cell morphology captured as
numerical parameters from the phase images can provide valuable additional infor-
mation to clinicians over what they usually access with routine bright-field micros-
copy. Our results suggest that phase imaging can become an important clinical
modality, and it should be possible to design phase-based software tools for clinicians
to make better informed decisions with this new information. The Chapter is orga-
nized as follows. In Section 2 we explain the technique of digital holographic micros-
copy (DHM) and the nature of quantitative phase images along with our phase
reconstruction methodology. Section 3 briefly describes the details of the cell samples
used. The results are discussed in Section 4. In Section 4.1 we start by showing images
of cervical cells in both bright-field and phase modalities to illustrate morphological
changes in cervical cell nuclei. This is followed by PCA analysis of the cell data based
on the morphological parameters derived from the cell images in Section 4.2. In
Section 4.3 we describe our analysis to understand if the most important phase
parameters for normal cells are consistent across different patients from same clinical
site, across different clinical sites and between different age groups. Finally in Section
5 we provide concluding remarks.

2. Digital holographic microscopy (DHM)

DHM is an interferometric modality where the recorded image data H x, yð Þ
represents interference between the object wave O x, yð Þ representing the light
which has interacted with the cell sample and the reference wave R x, yð Þ that has
not interacted with the sample is described as:

H ¼ Rj j2 þ Oj j2 þ R ∗Oþ RO ∗ : (2)

Here ∗ represents the complex conjugation of the corresponding wave-function.
In the image plane holography case as in the present study, O x, yð Þ represents the

33

Cytopathology Using High Resolution Digital Holographic Microscopy
DOI: http://dx.doi.org/10.5772/intechopen.96459



resultant image field corresponding to the cell sample slide when observed through
a 40x infinity corrected imaging system [23]. The interference is possible due to the
use of a laser source which ensures that the object and reference waves remain
temporally coherent at the detector plane and produce interference fringes with
good contrast. Since our DHM system is also fitted with a white light LED illumi-
nation which allows recording of the cell sample in the usual bright-field mode for
ease of interpretation by a clinician.

Reconstruction of single-shot holograms is traditionally performed using the
Fourier transform method. However, due to the low-pass filtering nature of this
method image plane phase recoveries with full pixel resolution cannot be obtained
using this approach. This poses a problem as the bright-field images available will
then seem to have higher resolution even though both have been recorded using the
same microscope objective. In order to have both bright-field and phase images
with same diffraction-limited resolution, we reconstruct of the complex object
wave O x, yð Þ using a sparse optimization method that has been developed by our
group in recent years. In particular, recovery of the complex image field O x, yð Þ is
posed as an optimization problem where we minimize a cost function of the form:

C O,O ∗ð Þ ¼ C1 þ C2

¼ H � Rj j2 þ Oj j2 þ R ∗Oþ RO ∗
� ����

���
2
þ ψ O,O ∗ð Þ:

(3)

Here …k k2 denotes the squared L2-norm of the quantity inside. The reference
beam R x, yð Þ is estimated by a separate calibration step involving recording of a
straight line interference fringe pattern without any sample followed by accurate
estimation of carrier frequency to fractional fringe accuracy [28]. The first term of
the cost function represents the least square data fit and the second term ψ O,O ∗ð Þ
is a suitable image domain constraint. We use the modified Huber penalty function
as a constraint and use an adaptive alternating minimization scheme explained in
detail elsewhere [23, 26] for recovering the complex object function O x, yð Þ in the
image plane. The modified Huber penalty is defined as:

ψ O,O ∗ð Þ ¼
X

k¼all pixels

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ∇Okj j2

δ2

s
� 1

2
4

3
5: (4)

The tuning parameter δ is made proportional to the median of the gradient
magnitudes of the image solution in a given iteration. The Huber penalty acts like
the edge preserving Total Variation penalty at pixels where the gradient magnitude
∣∇O∣ is much larger than δ and acts like the smoothing quadratic penalty for pixels
where the gradient magnitude is small compared to δ. Further the adaptive optimi-
zation strategy makes sure that the change in the solution due to error minimizing
step is balanced by that due to Huber minimization step in every iteration. We point
out that the optimization problem above involves real valued data (hologram H)
whose solution is complex valued. The steepest descent directions evaluated in the
algorithm need to be evaluated using Wirtinger derivatives with respect to O ∗ . In
particular we note that the Wirtinger derivatives for the two terms of the cost
function in Eq. (3) is given by:

∇O ∗C1 ¼ �2 H � RþOj j2
h i

� RþOð Þ, (5)

and
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∇O ∗C2 ¼ �∇ � ∇Offiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ∇Oj j2

δ2

q

2
64

3
75: (6)

It is important to note that the optimization procedure operates fully in the
image domain making it possible to employ it over a region of interest and thus
allowing full resolution reconstruction in near real time. In our study, a 256� 256
pixel ROI phase reconstruction requires few seconds (< 25 iterations) in a MATLAB
implementation on a desktop with 3:1 GHz processor. The data consistency error
for the reconstructed solution is within 5% relative error. A user can therefore select
a region of interest near a cell nucleus for object wave reconstruction. The resolu-
tion and noise advantage of this optimization procedure over traditional Fourier
filtering approach has been shown in a series of publications [24–27, 29], as a result,
we will not discuss this point here once again. However for completeness we
summarize the advantages of the optimization method in comparison to the
traditional methods for image plane hologram processing in Table 1.

The phase map ϕ x, yð Þ as in Eq. (1) is the argument of the recovered complex
object field O x, yð Þ and is given by arctangent of the ratio of imaginary and real parts:

ϕ x, yð Þ ¼ arctan
Im O x, yð Þ½ �
Re O x, yð Þ½ �

� �
: (7)

Since the arctangent function is defined only over the range �π, π½ � the phase
map defined in Eq. (4) is wrapped. A 2D unwrapping procedure based on the
transport of intensity equation (TIE) [30] has been employed in our work in order
to associate physical meaning to the phase map in accordance to Eq. (1). The steps
involved in imaging are summarized in supplementary (Figure 1). A Pap-smear
sample is first imaged in both bright-field and holographic modalities using a dual
mode digital holographic microscope (fabricated by Holmarc Opto-Mechatronics
Pvt. Ltd., Kochi, India). The holographic (or interferometric) image is used further

Processing method Single/Multi-shot Resolution

Fourier filtering Single-shot Low resolution

Phase shifting Multi-shot Full diffraction-limited

Optimization Single-shot Full diffraction-limited

Table 1.
Summary of resolution performance of image plane digital holographic methods.

Figure 1.
Steps in imaging chain (a) Pap-smear slide, (b) dual-mode DHM system, (c) illustrative example of a bright-
field image and a hologram recorded using the DHM system, (d) computer used for reading image from camera,
phase reconstruction and computing morphological parameters from the bright-field and phase images, (e)
illustrative example of phase map of a cell nucleus rendered as a surface plot.
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for phase reconstruction as explained above. Table 2 provides details about a
number of morphological parameters derived from the cell images in the bright-
field and quantitative phase modes. The morphological parameters were decided in
consultation with practicing cyto-pathologists who participated in this study. We
summarize them in Table 2 for convenience of the reader. The N/C ratio which is
the ratio of nucleus to cytoplasm areas has been included as list of three labels
(low = 1, medium = 2, high = 3). This is because we found that a number of cells in
the patient samples appeared in clusters and it was difficult to find boundaries of
cytoplasm in simple automated manner in such cases.

3. Details of samples

We imaged a total of 48,006 cervical cells from 291 Pap-smear slides from three
different hospitals in Delhi: AIIMS (All India Institute of Medical Sciences, New
Delhi), LHMC (Lady Hardinge Medical College, New Delhi) and MAMC (Maulana
Azad Medical College, New Delhi) (see Table 3). The samples were upto three
years old (not from current patients) and stored in the repositories at the respective
sites. They were collected by following the standard protocols for the Pap-smear
examination. The patients varied in age from 16–70 years and came from varied
geographical locations in India. The cell samples can be prepared conventionally or
with Liquid-based cytology (LBC). For each method staining is performed with Pap
stain for visualization with bright-field microscopy. For our study we have used

Modality Parameter Parameter descriptiona

Bright-field Area
P

jkMjk

Nucleus perimeter Number of boundary pixels of M

Mean intensity of R, G, B componentsAverage R, G, B values computed over
mask M

Variance of R, G, B componentsVariance of R, G, B values computed
over mask M.

N/C Ratio Ratio of areas (Nucleus)/(Cytoplasm) Labels assigned: low
=1, mid =2, high = 3

Quantitative
phase

Mean and maximum
phase

ϕ and maximum of ϕ computed over mask M

Optical volume (Area) � (ϕ) Computed over mask M.

Variance of phase Variance σ2ϕ computed over mask M.

Roughness at scales 1, 0.75, 0.5, 0.25
P

jk∣ ∇ϕð Þjk∣ computed over mask M.

Moment of inertia of nucleus
P

jk ϕjk

� �
d2jk djk = distance between centroid and

other pixels in mask M. Provides information about material
distribution.

Shift between
geometric and phase
centroid

∣ r!geom � r!phase∣

aM denotes a binary (0, 1) mask for individual cell nucleus, q denotes phase map. Both are defined over ROI of
256 � 256 pixels centered on cell nucleus.

Table 2.
Morphological parameters evaluated for each cell nucleus imaged in this study. More details about these
parameters are provided in Table 1 of ref. [23].
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both types of samples. Two of the sites used liquid based cytology (LBC) slides
prepared via ThinPrep and SurePath systems; while third site used conventional
Pap-smears. In LBC method, samples are collected in liquid vials and the slide is
prepared semi-automatically. The advantage of LBC is uniformity in sample prepa-
ration. On the other hand in conventional cytology the sample is applied directly to
a slide for microscopic investigation. Table 3 provides details about number of cells
imaged. The classification of normal vs. abnormal cells in these samples was pro-
vided based on the bright-field images by practicing cyto-pathologists (S. R. M., M.
S.,K. A., S.S.). The normal cells here include the superficial and intermediate cells
while the abnormal cells include LSIL, HSIL, SCC, ASC-H and ASC-US type of
cells [31].

4. Results

4.1 Illustrative bright-field and phase images of various cervical cell types

In this section we begin by providing sample images of cervical cell nuclei that
were obtained using our dual-mode DHM system. While quantitative information
obtained in terms of morphological parameters is certainly important, a large num-
ber of clinical sites worldwide typically use visual examination of cells using a
bright-field microscope for cell classification. The importance of changes in nucleus
structure in cancer diagnosis is already well-known [32]. With the illustrative
examples in this section, we wish to qualitatively describe the morphological fea-
tures observed in quantitative phase images of cervical cell nuclei in various stages.
The simultaneous presentation of bright-field images (that pathologists can corre-
late to) and the quantitative phase images as shown here is important in our opinion
from the perspective of clinical users. It is important to note that our single-shot full
resolution phase reconstruction technique allows us to observe the quantitative
phase images with the same resolution as the bright-field images. The examples
shown here also aim to illustrate that the information contained in the quantitative
phase images is different in nature from that in the bright-field images. Quantitative
analysis of the images using morphological parameters as described in Table 2 will
be provided in the following sections. In Figure 2 we show illustrative examples of
normal cells in the intraepithelial squamous layer. A progression from intermediate
to superficial stages is shown in Figure 2(a)–(j) respectively. As a cell progresses
from intermediate to superficial stage the chromatin in the cell nucleus is known to
condense. The superficial cells are in the outermost layer of ecto-cervix and have

Clinical site Preparation method Number of patients
normal / with condition a

Normal
cells

Abnormal
cells

AIIMS, New Delhi Liquid based cytology 66 / 33 18801 532

(ThinPrep)

LHMC, New Delhi Liquid based cytology 174 / 9 28007 214

(SurePath)

MAMC, New Delhi Conventional 6/ 3 438 14

Totals 246 / 45 47246 760
aAs determined by clinicians.

Table 3.
Details about cell samples used for imaging from the three clinical sites.
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highly condensed pyknotic nucleus. While in the bright-field images the area of the
nucleus is progressively decreasing and the color of the nucleus gets darker from
intermediate to superficial stages, the accompanying phase map of the nucleus is
seen to get taller by approximately a factor of 2. This change in the optical height
profile cannot be inferred from the 2D bright-field images and the phase map is
therefore seen to provide new morphological information. Further, from the phase
profiles we also see that the evolution of the cells from intermediate to superficial
stage happens via a continuous change. Next in Figures 3–5 we examine the
abnormal cell classes low grade squamous intraepithelial lesion (LSIL), high grade
squamous intraepithelial lesion (HSIL) and squamous cell carcinoma (SCC) which
progressively indicate higher grade abnormalities. The class LSIL consists of abnor-
mal superficial and intermediate cells. Variable degrees of hyper-chromasia, nuclear
size variation with coarsely granulated chromatin are identifiers of a typical LSIL
cell. In the HSIL class, the degree of nuclear enlargement and hyper-chromasia is
more than LSIL and the cells here are found in sheet-like aggregates. In both LSIL
and HSIL cases the phase profiles of the cell nuclei are seen to have increased
roughness or corrugations compared to the normal cells. In the SCC class which is
considered to be a confirmed case of malignant cervical smear, the phase profile of
the nucleus shows sharp narrow peaks with large phase values. It is once again
important to note that the phase profile clearly provides new morphological infor-
mation that is not readily available in the 2D bright-field images. Apart from the
main classes above, the Bethesda system defines a class Atypical Squamous Cells

Figure 2.
Maturation of cells in intra-epithelial squamous layer from intermediate to superficial is shown from (a)-(j) in
both bright-field and phase modes. The phase maps correspond to the ROIs marked in the bright-field images.
As the nuclei progress to superficial stage, the nucleus area gets smaller and the phase profile is seen to get taller
by approximately a factor of 2.
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Figure 3.
Illustration of LSIL cells, the three columns show the bright-field image, selected ROI and the phase image of the ROI.

Figure 4.
Illustration ofHSIL cells, the three columns show the bright-field image, selected ROI and the phase image of the ROI.
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ASC which include the samples that cannot be categorized as normal or abnormal
typically. The nuclei in this class are typically larger in area, however, as seen in
Figure 6, the average phase value in the nucleus is slightly lower compared to the
LSIL, HSIL or SCC classes. In both ASC-US and ASC-H classes (Figure 6), the phase
profile has undulations but the phase structure of ASC-H is flatter with lower
average phase value in the nucleus as compared to that of the ASC-US cells. Further
in some ASC nuclei, we observe local peaks in phase profile located near the nuclear
boundary leading to a dip in the center. Finally we show rare abnormal cell cases in
Figure 7 that include inflamed, reactive, moon-type, virus-infected and koliocytotic
classes. Just a few examples of these rare cells were present in our sample set. The
phase profile for all these types appears corrugated with lower average phase values
except for the virus infected cell type. While only a few representative images of
each cell type have been shown simultaneously in bright-field and phase mode, we
clearly observe that the phase profile offers distinctive morphological features that
are not currently utilized in the clinical practice. This new information if incorpo-
rated in cyto-pathological examination, can be potentially valuable to clinicians.

4.2 PCA analysis of quantitative parameters obtained from bright-field and
phase images of cervical cell nuclei

AMATLAB based software was designed to compute a number of morphological
parameters associated with cell nuclei that are listed in Table 2 from each of the cell
nuclei imaged in bright-field as well as quantitative phase mode. The cell nucleus
measurement data was therefore consisted of an (N � p) matrix with N = 48,006

Figure 5.
Illustration of SCC cells, the three columns show the bright-field image, selected ROI and the phase image
of the ROI.
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and p = 20. Note that one parameter in the measurement set is the N/C ratio which
was given three labels (low =1, mid =2, high =3) based on visual inspection of
nuclei. This was done so that a number of cells of interest that appeared in clusters
for which determining the cytoplasm boundary was difficult could be used in the
analysis. All the other parameters were measured over the nucleus region in an
automated fashion. For the present analysis, the cells were nominally labeled as
superficial, intermediate and abnormal (including LSIL, HSIL, ASC-US, ASC-H,
SCC) by practicing cyto-pathologists (S. R. M., M. S., K. A., S.S.). Since the number
of abnormal cells was much smaller (1.6%) compared to the normal (superficial and
intermediate) cells, a truncated data-set with 450 randomly selected cells from each
of the three types (superficial, intermediate and abnormal) as per prior labelling
was used to train the PCA. Denoting the truncated data matrix with 1350 rows and
20 columns (representing the measurements) with each column in standard form
(zero mean and standard deviation 1) by A, the PCA solves the eigenvalue problem:

ATAuk ¼ μkuk: (8)

Here the superscript “T” stands for the transpose of the matrix A. The eigen-
vectors uk are mutually orthogonal and are called as the principal vectors. All the

Figure 6.
Illustration of (a), (b): ASC-US cells and (c), (d): ASC-H cells, the three columns show the bright-field image,
selected nucleus ROI and the phase image of the ROI.
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cell data corresponding to the 48006 cells was then projected on the PCA vectors.
The plot of first two components of PCA for all the cells is shown in Figure 8.
The color coding of black, blue, and red corresponds to cells that were labeled
separately by cyto-pathologists as superficial, intermediate and abnormal (all clas-
ses) respectively based on the bright-field images of the nuclei. Typical bright-field
and phase images of cells from the three different regions of the PCA plot are also
shown for illustration. The PCA plot based on bright-field and phase information
separates most of the cells in three different classes, despite some overlap in adja-
cent classes. In particular, it is interesting to observe that almost all the cells labeled
as abnormal fall in the bottom right corner of the PCA plot. We further examine

Figure 7.
Illustration of rare abnormal cell types: (a) inflamed, (b) reactive, (c) moon-type, (d) virus-infected and
(e) koliocytotic; the three columns show the bright-field image, selected nucleus ROI and the phase image of the ROI.
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four cells labeled as 1, 2, 3, 4 on the PCA plot that showed unexpected classification
when phase parameters were used. Cells 1, 2 were labeled abnormal by the pathol-
ogist but were seen to be well within the intermediate region. Similarly the cells 3, 4
were labeled as intermediate but were observed to be well within the abnormal (red
points) class. For a closer examination of this anomaly, we show bright-field and
phase images of these cells in Figure 9. A re-examination of these cell images by
pathologists suggested the following. Cell 1 is koliocytotic (abnormal) but it appears
to have a dried up cytoplasm and leading to low phase values in the nucleus. The cell
2 is actually very similar to intermediate cells in general, but the pathologists labeled
it as abnormal due to comparatively smaller sizes of other nuclei on the particular
sample slide. The parameters associated with cell 3 are similar to abnormal cells but
it is a rare example of enlarged intermediate cell. Finally cell 4 has folded cytoplasm
leading to higher phase values although the cell may be considered to be of the
intermediate class. Re-examination of these and other similar anomalies reveal that
cervical cell classification has some aspects beyond simple numerical measurements
performed on cell images (either in phase or bright-field modes) that need to be
taken into account by any automated cell classification methodology. The issues like

Figure 8.
Data corresponding to 48006 cells projected onto the first two PCA vectors. The color coding of black, blue, and
red corresponds to cells that were labeled by cyto-pathologists as superficial, intermediate and abnormal (all
classes) respectively.
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folding of cell cytoplasm can for example be minimized with the LBC preparation
methodology. PCA analysis was used here because the plot as in Figure 8 can be
generated essentially in an unsupervised manner, however, it is certainly not the
best classification methodology available today. In future we hope to test the possi-
bility of cell classification using more advanced machine learning ideas applied to
this data.

We further performed a leave-one-out analysis of the PCA for the cell data to
determine which of the 20 measurements influenced the PCA scores the most [33].
If the PCA eigenvectors are arranged as columns of a matrix U the scores Z for the
data corresponding to the principal components may be expressed as:

Z ¼ AU: (9)

The plot in Figure 8 thus corresponds to the first two columns of the score
matrix Z. For the leave-one-out analysis, the PCA was performed at a time with only
19 parameters by leaving one of the measured parameters one by one. The data
matrix, the eigenvector matrix and the score matrix corresponding to the case
where j-th measurement (j ¼ 1, 2, 3, … , 20) is left out may be denoted by A �jð Þ,U �jð Þ

and Z �jð Þ respectively. The importance of the j-th measurement is judged by the
Procrustese distance D j between the first M ¼ 2 columns of the score matrices Z
and Z �jð Þ. A specific parameter will be judged to influence the PCA the most if its
corresponding Procustes distance D j is higher. The top five morphological parame-
ters in order of importance are shown in Table 4. The relative Procrustes distances

Figure 9.
Examples of intermediate and abnormal cells falling well within the abnormal and intermediate regions of the
PCA plot in Figure 8.

Morphological parameter Modality Relative Procrustes Distance Dj

Moment of inertia Phase 1.0

Optical volume Phase 0.85

N/C Ratio Bright-field 0.83

Perimeter of nucleus Bright-field 0.79

Mean phase of nucleus Phase 0.76

Table 4.
Relative importance of numerical parameters using leave-one-out analysis applied to PCA.
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are calculated by dividing all the distances D j with j ¼ 1, 2, 3, … , 20ð Þ by the
maximum among them.We find that among the top five parameters that influenced
the PCA scores the most, three were derived from the phase images while two were
derived from the bright-field images. It may be noted from Table 4 that two phase
based parameters (moment of inertia and optical volume) influence the PCA more
than the commonly used N/C ratio criterion. We therefore believe that quantitative
phase may prove to be an important future imaging modality in addition to the
commonly used bright-field microscopy for cervical cell classification.

4.3 Consistency of phase parameters

Quantitative phase is not a standard clinical methodology for cell classification,
however, as we showed in Section 4.2, quantitative phase may become an important
modality to consider for future clinical use. It is therefore important to understand
if the phase parameters for cervical nuclei are consistent across different subjects
from same clinical site, age group of subjects or clinical sites with different sample
preparation methodologies. Since our leave-one-out PCA analysis suggested that
optical volume and moment of inertia are the most important phase parameters as
explained in the previous section, we have plotted a few hundred randomly selected
normal cells (superficial and intermediate) with respect to these phase parameters
in Figure 10. In Figure 10(a) we show the plot for 200 normal cells each for five
different patients from a single clinical site. Figure 10(b) shows the same plot for
200 cells each from three different clinical sites with different sample preparation
protocols. In Figure 10(c) we show the plot once again for 500 normal cells for two
different age groups (below and above 30 years). From these plots we observe that
the normal cells from different categories as above show highly overlapping distri-
butions for the most important phase parameters. We believe that this observation

Figure 10.
Verification of consistency of the two most important phase parameters (moment of inertia and optical volume)
decided based on the leave-one-out analysis; (a) plot of 200 cells each for 5 patients from the same clinical site
(AIIMS), (b) plot of 200 cells each from three clinical sites with different sample preparation protocols, (c)
plot of 500 cells each for patients below and above 30 years of age. The numerical values of moment of inertia
and optical volume are normalized to standard form (zero mean and standard deviation one).
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is very important for standardization and usage of quantitative phase imaging
methodology in future clinical practice.

4.4 Observations on quantitative phase imaging of unstained cervical cells

In this section we briefly describe an interesting possibility of quantitative phase
imaging of unstained cervical cell samples with two typical images of normal cells as
shown in Figure 11. For unstained cervical cell samples, the Pap smear was pre-
pared using the conventional method and cells were fixed with ethyl alcohol. While
the staining protocols used in Pap-smear sample is a gold standard for diagnosis by
cyto-pathologists, we note here that compared to stained cells, the phase signal
observed from nuclei of unstained unprocessed cell samples is almost three times
higher in magnitude. While interpretation of images of the unstained cells and their
phase may require one to go through a learning process, the possibility of using
unstained cell samples for diagnostic practice may offer an attractive alternative as
the cell sample preparations will not involve any wet-lab processing and recurring
costs associated with reagents.

5. Conclusions

In conclusion we have reported an image based study of cervical cells at various
stages using bright-field as well as quantitative phase microscopy. Over 48000 cells
have been imaged individually. The phase images of the cell nuclei were
reconstructed using an optimization approach that provided same resolution as the
bright-field images. This image data-set may be valuable for future application
development using advance machine learning methods. The visual inspection of
images shows interesting features in the phase images as the cells evolve from
intermediate to superficial stages with distinct features associated with abnormal
cells. This finding based on visual inspection is confirmed in the PCA analysis of the

Figure 11.
Illustration of bright-field and phase imaging of unstained cervical cells: (a), (d): Bright-field images of
unstained cells, (b), (e): Nucleus ROI selected from the bright-field image, (c), (f): Phase map of the unstained
nuclei.
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morphological parameters of cells derived from both the bright-field and phase
images of cell nuclei. A leave-one-out analysis applied to the PCA scores suggests
that apart from the N/C ratio that has been used for identifying abnormal cells for
decades, the other two parameters that influence the PCA the most are optical
volume and moment of inertia of nucleus - both of which are derived from phase
images. A consistency study suggests that the phase parameters associated with
normal cells show highly overlapping distributions for multiple patients from same
clinical site, for three clinical sites with different sample preparation protocols and
for patients in two age groups. The consistency of phase parameter distributions for
these cases further suggest that phase is a robust modality that can certainly be used
in a standardized manner in clinical practice. We believe that quantitative phase
may become an important imaging modality in addition to the bright-field imaging
that is solely used in the current clinical practice. While this study has been
performed for cervical cells we believe that our conclusions regarding importance
of quantitative phase may possibly have a wider applicability.
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Chapter 4

Latest Advances in Single and
Multiwavelength Digital
Holography and Holographic
Microscopy
George Nehmetallah, Logan Williams and Thanh Nguyen

Abstract

In this Chapter, we discuss the latest advances in digital holography (DH) and
digital holographicmicroscopy (DHM). Specifically, we study the different setup
configurations such as single and multiwavelength approaches in reflection and
transmission modes and the reconstruction algorithms used. We also propose two
novel telecentric recording configurations for single andmulti-wavelength digital
holographicmicroscopy (TMW-DHM) systems. Brief theory and results are shown
for each of the experimental setups discussed. The advantages and disadvantages of
the different configurations will be studied in details. Typical configuration features
are, ease of phase reconstruction, speed, vertical measurement range without phase
ambiguity, difficulty in applying optical and numerical post-processing aberration
compensation methods. Aberrations can be due to: (a) misalignment, (b)
multiwavelength method resulting in Chromatic aberrations, (c) the MO resulting in
parabolic phase curvature, (d) the angle of the reference beam resulting in linear
phase distortions, and (e) different optical components used in the setup, such as
spherical aberration, astigmatism, coma, and distortion. We conclude that telecentric
configuration eliminates the need of extensive digital automatic aberration compen-
sation or the need for a second hologram’s phase to be used to obtain the object phase
map through subtraction. We also conclude that without a telecentric setup and even
with post-processing a residual phase remains to perturb the measurement. Finally, a
custom developed user-friendly graphical user interface (GUI) software is employed
to automate the reconstruction processes for all configurations.

Keywords: digital holography, multi-wavelength digital holography

1. Introduction to digital holography (DH)

Digital holograms are generated by recording the interference pattern of two
mutually coherent beams. These two beams are the object beam and the reference
beam and the recording medium is usually a CCD [1]. The digital hologram
recorded on the CCD due to the interference of the object beam EO and the refer-
ence beam ER is given by

h x, yð Þ∝ IH ¼ ERj j2 þ EOj j2 þ E ∗
R EO þ E ∗

OER, (1)
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where the * notation denotes the complex conjugate. Traditionally, in analog
holography the reconstruction is performed by illuminating a holographic film by
the conjugate of the reference beam E ∗

R , and the real image is obtained from the last
term of Eq. (1): ERj j2E ∗

O : The first two terms on the right hand side and the third
term contribute to the zero order and the virtual image, respectively. The digital
reconstruction is generally performed by numerically propagating the field
E ∗
R h x, yð Þ by the recording distance, d or –d, to reconstruct either the real or virtual

images. A typical schematic of the recording and reconstruction of DHs is shown in
Figure 1. Several numerical reconstruction algorithms have been developed for DH,
although the most common are the discrete Fresnel transform, the convolution
approach, and reconstruction by angular spectrum. Each of these reconstruction
algorithms will be subsequently briefly described.

1.1 Numerical reconstruction by discrete Fresnel transformation

The Fresnel Transform is based on the Fresnel approximation to the Huygens-
Fresnel diffraction integral, and under the paraxial approximation, i.e.,

d3 > > 2π=λð Þ ξ� xð Þ2 þ η� yð Þ2
h i

, the reconstruction of the hologram can be

approximated by the Fresnel transformation [1–6]:

Γ ξ, ηð Þ ¼ z ξ, ηð Þℑx,y h x, yð ÞE ∗
R x, yð Þw x, yð Þ� ���

kx¼2πξ=λd,ky¼2πη=λd, (2)

w x, yð Þ ¼ exp �j
π

λd
x2 þ y2
� �h i

, (3)

z ξ, ηð Þ ¼ j
λd

exp �j
2πd
λ

� �
exp �jπ ξ2 þ η2

� �
=λd

� �
, (4)

where ℑx,y •f g is the Fourier transform operator. The intensity is calculated by
squaring the optical field, i.e., I ξ, ηð Þ ¼ Γ ξ, ηð Þj j2 and the phase is calculated using
φ ξ, ηð Þ ¼ arctan Im Γ ξ, ηð Þ½ �=Re Γ ξ, ηð Þ½ �ð Þ: Since x, y are discretized on a CCD rect-
angular raster ofNx,Ny pixels of sizes Δx,Δy, the reconstructed image resolution in
the ξ, η coordinates are given by [5–7].

Δξ ¼ λd=NxΔx,Δη ¼ λd=NyΔy: (5)

The image resolution given by Eq. (3) is considered to be “naturally scaled,”
such that the value of Δξ is automatically equal to the physical resolution limit
imposed by the CCD sampled signal bandwidth [2, 6].

Figure 1.
Coordinate system for DH recording and reconstruction.

52

Augmented Reality and Its Application



A reflection type Fresnel DH setup based upon the Mach-Zehnder interferome-
ter is schematically shown in Figure 2(a). Light from a Laser source is divided into
two parts with a beam splitter. One of the beams forms the reference, while the
other is reflected off the object, then both interfere on a CCD camera to form a
Fresnel hologram. Figure 2(b) shows a Michelson type setup [8, 9]. An example
of a recorded hologram of a Newport Logo recorded using an Argon laser
@ 496.5 nm and its reconstruction using Fresnel transform method are shown in
Figure 3(a) and (b), respectively.

1.2 Numerical reconstruction by the convolution approach

Since the diffracted field at a distance z = d from the hologram can be
expressed as

Γ ξ, ηð Þ ¼
ð∞

�∞

ð∞

�∞

h x, yð ÞE ∗
R x, yð ÞgPSF x� ξ, y� ηð Þdxdy, (6)

Figure 2.
Schematic of a DH setup (a) Mach-Zehnder setup, (b) Michelson setup. MO-SF: microscope objective-spatial
filter, BS: beam splitter, NF: neutral density filter, M: mirror, CL: collimating Lens.

Figure 3.
The recorded hologram in (a) is reconstructed via Eq. (2) to yield (b) the reconstructed image. Note that (b)
contains an in-focus (virtual) image on the right, and an out-of-focus (real) image on the left. The relevant
reconstruction parameters are d = 39 cm, λ = 496.5 nm, Δx = 6.7 μm, N = 1024, with reconstructed image
resolution Δξ ¼ 28.5 μm.
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the convolution approach can be written as:

Γ ξ, ηð Þ ¼ h ξ, ηð ÞE ∗
R ξ, ηð Þ� �

∗ gPSF ξ, ηð Þ, gPSF ξ, ηð Þ ¼ j
λ

exp �jk0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ ξ2 þ η2

q� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ ξ2 þ η2

q

(7)

where the ∗ denotes convolution. Eq. (5) can be written as

Γ ξ, ηð Þ ¼ ℑ�1
x,y ℑx,y h � E ∗

R

� � �ℑx,y gPSF
� �� � � ℑ�1

x,y ℑx,y h � E ∗
R

� � � GPSFð Þ� �
, (8)

where GPSF ¼ ℑx,y gPSF
� �

. Although the pixel sizes of the images reconstructed
by the convolution approach are equal to that of the hologram, namely,
Δξ ¼ Δx,Δη ¼ Δy, the physical image resolution remains according to Eq. (3) and
is ultimately governed by physical diffraction [5–7].

1.3 Numerical reconstruction by the angular spectrum approach

In Fourier space and across any plane the various spatial Fourier components of
the complex field distribution of a monochromatic wave can be considered as plane
waves traveling in different directions away from that plane. The field amplitude at
any other point can be calculated by adding the weighted contributions of these
plane waves, taking into account of the phase shifts they have undergone during
propagation [1]. Similar to the convolution approach above, the angular spectrum
approach is based on direct application of the propagation of the angular spectrum

Technique Advantages Disadvantages

Fresnel • Fast (uses one FFT)
• Used primarily for long distances. (Short

distances possible with hologram
upsampling prior to reconstruction.)

• May be used for larger objects.
• Image resolution can be arbitrarily

scaled by applying zero padding or
upscampling to the hologram.

• Image pixel size depends on
reconstruction distance and wavelength.

• Poor depth resolution for isolating
adjacent hologram planes along the
propagation axis (compared to newer
methods, e.g. compressive sensing).

• Not useful in inline holograms of
scattering particles that have to be
evaluated on different depths

Convolution • Limited numerical image magnification
is possible during reconstruction.

• Image pixel size does not depend on
distance and wavelength and is equal to
hologram pixel size (Physical resolution
still is governed by diffraction limit)

• Useful in inline holograms of scattering
particles that have to be evaluated on
different depths

• Slower (Uses at least two FFT)
• Used for small objects
• Used for short distances.
• Numerical image magnification does not

improve object “resolution.”

Angular
spectrum

• Image pixel size is typically equal to the
hologram pixel size. (Physical resolution
still is governed by diffraction limit.)

• May be used for very short distances
where Fresnel technique fails (No
minimum distance required between
object and CCD).

• Typically used for in-line holograms
• Slower (Uses at least two FFT)
• Used for smaller objects that do not

exceed the lateral extent of the CCD for
in-line.

• Zero padding techniques do not alter
resolution.

Table 1.
Advantages and disadvantages of several digital holography reconstruction techniques.
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of the field in the hologram plane. Accordingly, we define the angular spectrum of
the field h � E ∗

R

� �
at the hologram plane as [1]:

~Eh kξ, kη
� � ¼ ℑx,y h � E ∗

R

� � ¼ 1
4π2

ð∞

�∞

ð∞

�∞

h � E ∗
R

� �
exp j kξξþ kηη

� �� �
dξdη (9)

where kξ, kη are spatial frequency variables corresponding to ξ, η. After propa-
gating a distance z, each plane wave component of the angular spectrum acquires an
additional phase factor e�jkzz where

kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 � k2ξ � k2η

q
: (10)

Therefore, the reconstructed field at a distance z = d becomes:

Γ ξ, ηð Þ ¼ 1
4π2

ð∞

�∞

ð∞

�∞

~Eh kξ, kη
� �

exp �jd
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k0

2 � kξ
2 � kη

2
q� �

� exp �j kξξþ kηη
� �� �

dkξdkη (11)

which is similar to Eq. (5) above.
Table 1 shows the advantages and disadvantages of the different reconstruction

techniques discussed in this section.

2. Digital holographic microscopy (DHM)

DHM is usually applied to determine 3D shapes of small objects, with height
excursions on the order of microns (or phase excursions on the order of a few
radians). Since small objects are involved, a microscope objective (MO) is often
used to zoom onto a small area of the object to enhance the transverse resolution.
Holograms of microscopic objects recorded with DHM setups can be numerically
reconstructed in amplitude and phase using the same DH reconstruction techniques
discussed in Section 1. The phase aberrations due to the MO and the tilt from the
reference beam have to be corrected to obtain the topographic profile or the phase
map of the object [10–12]. Figure 4(a) and (b) show a Michelson DHM in reflec-
tion and transmission configurations, respectively.

For a reflective object on a reflective surface, the height profile on the sample
surface is simply proportional to the reconstructed phase distribution φ ξ, ηð Þ,
through [10]:

hz ξ, ηð Þ ¼ λ

4π

� �
φ ξ, ηð Þ: (12)

For a transmissive phase object on a reflective surface, its thickness can be
calculated as:

hz ξ, ηð Þ ¼ λ

4π

� �
φ ξ, ηð Þ
Δn

, (13)

where Δn is the difference of the index of refraction between the transparent
object material and the surrounding medium (e.g. air).
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For a transmissive phase object on a transmissive surface or between transmis-
sive surfaces, the phase change (optical thickness) can be calculated as:

hz ξ, ηð Þ ¼ λ

2π

� �
φ ξ, ηð Þ
Δn

: (14)

As stated above, in DHM we introduce a MO to increase the spatial
resolution which was computed according to Eq. (3). Due to the magnification
‘M’ introduced by the MO the pixel size in the image plane, Δξmag scales
according to:

Δξmag ¼
Δξ
M

¼ λd
N:Δx �M , (15)

which is simply the magnification predicted by geometric imaging. This is intu-
itively understood by realizing that the holographic recording is now simply a
recording of the geometrically magnified virtual image located at distance d as
shown in Figure 5. Thus, the pixel resolution is automatically scaled accordingly.
We can enhance the transverse resolution approximately to be equal to the
diffraction limit 0.61λ/N.A of the MO, where N.A is the numerical aperture of
the MO.

Figure 4.
Digital holographic microscope: (a) reflective setup, (b) transmissive setup.
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The complete reconstruction algorithm is governed by the equation [9–14]:

Γ m, nð Þ ¼ Ae�j π
λD m2Δξ2þn2Δη2ð Þ½ �|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Quadratic  Phase due to MO

z m, nð Þ

�ℑx,y ARe�j2πλ sin θxkΔxþ sin θylΔyð Þ
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

E ∗
Re

h k, lð Þw k, lð Þ

8><
>:

9>=
>;

m,n

, (16)

where z m, nð Þ ¼ j
λd exp �j 2πdλ

� �
exp �jπλd m2

Nx
2Δx2 þ n2

Ny
2Δy2

� �h i
,

w k, lð Þ ¼ exp �j π
λd k2Δx2 þ l2Δy2
� �� �

1
D ¼ 1

di
1þ do

di

� �
, and the focal length of the MO

is: 1f ¼ 1
di
þ 1

do
.

Aberration compensation can be performed manually using a phase mask Ψ to
cancel the effects of the quadratic phase due to the MO and the linear phase due to
the reference tilt. The phase mask can be written as [11].

Ψ ¼ A exp j
2π
λ

mΔx sin θx þ nΔy sin θy
� �� �� �

� exp j
π

λD
m2Δx2 þ n2Δy2
� �h in o

,

(17)

where θx, θy are the tilt angles of the reference beam and D is defined in Eq. (11).
A more robust technique is to perform automatic aberration cancelation by
approximating the residual phase front due to aberration using Zernike polynomials
as explained in details in Refs. [13, 14], and shown in Section 4 below.

Consider the transmission setup shown in Figure 4(b). A USAF 1951 resolution
chart target is used as an object. The resolution of a USAF resolution chart is
documented as:

R lp=mm½ � ¼ 2 Gþ E�1ð Þ
6½ �, (18)

where R lp=mm½ � is resolution in line pair per millimeter, G is the group number,
and E is the element number. (See Figure 6(a)). As an example, Group 4, Elements
3 and 4 has a resolution of 20.16 lp/mm, and 22.62 lp/mm, respectively. The wave-
length used is λ = 488 nm, the reconstruction distance d = 0.202 m, D = 0.14 m, the
magnification is M ≈ 8.25, kx0=k0 ¼ sin θx ¼ 0:01307, ky0=k0 ¼ sin θy ¼ 0:01305: It
should be noted that in practice, it is very difficult to obtain such precise parameter
measurements in the laboratory. Typically, approximate measurements are made,
then, varied slightly during numerical reconstruction to yield the “best focus”
image. Such a process was followed to obtain the parameters listed above. In Section
4, we discuss the telecentric setups which mitigate these difficulties. Figure 6(b)

Figure 5.
Generalized holographic recording geometry using a lens. The image location is governed by geometric optics and
may be on either side of the lens.
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shows the recorded hologram. Figure 6(c) shows the reconstructed hologram
amplitude. Figure 6(d) shows the reconstructed phase using approximate phase
mask parameters (see the circular fringes). Figure 6(e) shows the reconstructed
phase using exact phase mask parameters (no circular fringes). Figure 6(f) shows
the residual phase aberration approximation using Zernike polynomials to be
subtracted from (e).

3. Multi-wavelength digital holography (MWDH)

It is well known that one main application of holographic interferometry
(HI) is the generation of a fringe pattern corresponding to contours of constant
elevation with respect to a reference plane [2]. These contour fringes can be
used to determine the shape of a macroscopic or microscopic three-dimensional
object.

There exist three main techniques to create holographic contour interferograms:
(a) The two-illumination-point method, (b) the two-refractive-index technique,
which is generally not practical because we have to change the refractive index of
the medium where the object is located, and (c) Multi-wavelength method, which
was adopted in this section [6, 8, 11]. For large height profiles (larger than several
microns) 2D topography using single wavelength holographic approach is not
appropriate since phase unwrapping has limitations especially for sharp edge varia-
tions. As shown in Figure 7, the axial displacement of an image recorded with
wavelength λ1 and reconstructed with another wavelength λ2, with respect to the
image recorded and reconstructed with λ2, is [2, 6, 15–23].

Δdz ¼ z
λ1 � λ2j j

λ2
: (19)

Figure 6.
(a) Schematic of the USAF resolution target, (b) recorded hologram, (c) reconstructed hologram amplitude,
(d) reconstructed phase using approximate phase mask parameters, (e) reconstructed phase using exact phase
mask parameters, and (f) residual phase aberration approximation using Zernike polynomials to be subtracted
from (e).
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This means that the phase shift depends on the distance z between the object and
the hologram plane. The height jump between two adjacent fringes in the
reconstructed image is

ΔH ¼ z Δφ ¼ nþ 1ð Þ � 2πð Þ � z Δφ ¼ n� 2πð Þ ¼ λ1λ2
2 λ1 � λ2j j ¼

Λ
2
, (20)

where Λ is known as the synthetic wavelength. For larger deformations along
the z direction, the phase changes could be hundreds of multiples of 2π. Such large
fringe densities may lead to difficulty in determining the object phase using the
single wavelength technique. However, multi-wavelength illumination encodes the
object height in terms of 2π multiples of the synthetic wavelength, which is gener-
ally much longer than either fundamental wavelength. This allows larger object
deformations to be measured by multi-wavelength illumination as if illuminated by
the single wavelength method, where the “single” wavelength is now given by the
synthetic wavelength Λ. Typically, synthetic wavelengths can range from few
microns to 10’s of microns [16, 18]. The topographic resolution is typically on the
order of 1/100 of Λ and the vertical measurement range can reach several Λ’s by
employing phase unwrapping for heights larger than Λ [24]. However, much longer
or shorter synthetic wavelengths to measure millimeter-scale features can also be
performed. Figure 8 shows the advantages of using MWDH to extend the vertical
measurement range without phase ambiguity [6]. MWDH may be used to quantify
surface topography and displacement measurements for both fixed objects and
time-varying objects [17, 18]. It is worth noting that DHM has a lot of applications
in living cells [25–30], neural science [31], tissue analysis [32], particle tracking
[33–36], and MEMS analysis [37–39].

In multiwavelength DH, both holograms are reconstructed separately at the
correct fundamental wavelengths, λ1 or λ2. From the resulting reconstructed
complex amplitudes Γλ1 ξ, ηð Þ and Γλ2 ξ, ηð Þ the phases are calculated as:

φλ1,2 ξ, ηð Þ ¼ arctan ImΓλ1,2 ξ, ηð Þ=ReΓλ1,2 ξ, ηð Þ� �
: (21)

The synthetic wavelength phase image is now calculated directly by pixel-wise
subtraction of the fundamental wavelength hologram phases

Δφ ¼ φλ1 � φλ2 if φλ1 ≥φλ2 ,

φλ1 � φλ2 þ 2π if φλ1 <φλ2 :

�
(22)

This phase map is equivalent to the phase distribution of a hologram recorded
with the synthetic wavelength

Figure 7.
The path difference of the light rays on their way from the source to the surface and from the surface to the
hologram.
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Λ ¼ λ1λ2
λ1 � λ2j j

� �
: (23)

At normal incidence, a 2π phase jump corresponds to a height step of Λ/2, and
the change in longitudinal distance or height Δz is given by [2, 6, 9].

Δz ¼ Δφ
2π

� �
Λ
2
¼ Δφ

2π
λ1λ2

2 λ1 � λ2j j
� �

¼ Δφ
2π

� �
ΔH: (24)

Note that the transverse resolution is the same as in DH namely, Δξ ¼ λd=NΔx is
the reconstructed pixel size. Similar to DH, MWDH setup can be constructed using
Mach-Zehnder or Michelson configuration as shown in Figure 9(a) and (b),
respectively. According to Figure 9(c) and (d), we notice that the true height
measurements in the Mach-Zehnder and Michelson configurations are:

ΔzTrue,Mach�Zender ¼ Δφ
2π

� �
Λ
2
cos θ, (25)

ΔzTrue,Michelson≈
Δφ
2π

� �
Λ
2
, (26)

respectively.
One important detail that must be considered when applying the two wave-

lengths technique is pixel matching. Recall from Eq. (3) that the pixel resolution Δξ
of each hologram is dependent upon the fundamental recording wavelength
(λ1 or λ2). In order for the reconstruction to be successful, the subtraction described
by Eq. (18) must be performed on a pixel-by-pixel basis, in which the pixel sizes
match between each hologram (i.e. Δξ1 = Δξ2). This can be accomplished by zero-
padding the holograms to alter the numerical resolution according to the following
procedure: One hologram is zero-padded prior to reconstruction such that its value
of Δξ matches that of the second hologram. The second hologram is then either
zero-padded after reconstruction, or the first hologram (which is now larger) is

Figure 8.
The advantage of MWDH is that it extends the vertical measurement range without phase ambiguity.
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cropped, such that the total sizes of each image are again equal. If it is assumed that
λ1 > λ2 then the degree of padding applied to both the λ1 hologram pre-
reconstruction and the λ2 hologram post-reconstruction is

pad size ¼ round
N
2

λ1
λ2

� 1
� �� �

, (27)

where pad size is the number of zero elements to be added symmetrically to each
edge of the hologram matrix, rounded to the nearest integer value.

3.1 Experimental results for MWDH with and without spatial heterodyning
(MWDH-SH)

An example of a 3D profile setup using the MWDH technique is shown in
Figure 10. Since the two holograms are recorded sequentially for each wavelength,
this technique needs two sequential CCD recordings (i.e. two “shots”). Obviously,
this “two-shot” method will not work for dynamic objects. Figure 11(a) shows the

Figure 9.
(a) Mach-Zehnder configuration, (b) Michelson configuration, with illustration of the true height ΔzTrue
relative to the path of phase accumulation for (c) Mach-Zehnder and (d) Michelson configurations.

Figure 10.
Shape measurement using MWDH.
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Newport logo test object while Figure 11(b) shows the reconstructed hologram of
the Newport Logo at one of the wavelengths used (λ1 = 496.5 nm). Figure 11(c)
shows the wrapped phase and Figure 11(d) shows the unwrapped 3D surface
profile.

Spatial heterodyning technique has the ability to capture both wavelength mea-
surements in a single composite holographic exposure [6, 9, 21]. This is accom-
plished by introducing a different angular tilt to the λ1 and λ2 reference beams.
These angular tilts in the spatial domain introduce linear phase shifts in the fre-
quency domain of the recorded composite hologram. When reconstructed, the
different phase shifts result in spatially separated object locations in the image that
each correspond to their respective λ1 and λ2 recordings. One of these reconstructed
images is cropped and digitally overlaid upon the other to perform the required
phase subtraction. A typical recording configuration using MWDH-SH method is
shown in Figure 12. Since the two holograms are recorded for each wavelength at
the same time using spatial heterodyning this technique needs only one CCD expo-
sure (i.e. “one-shot”) [6, 9, 21, 22]. This method is well suited for dynamic objects
which change relatively quickly and only limited by the integration time of the
CCD. Figure 13 shows the reconstructed Newport logo test object. The
reconstructed image resolution Δξ = 32 μm/pixel. Note that, two separate
reconstructions are required (λ1 and λ2) from the single hologram, although only
one reconstruction is shown here.

In order to align the two phase images, a block matching algorithm (BMA) is
used. After cropping the two reconstructed holograms it is necessary to slide the
reference image over the target image looking for best correlation, this is shown in
Figure 14. Given the typically rapid variation in object phase, BMA algorithms can

Figure 11.
(a) Newport logo, (b) reconstructed hologram at λ1 = 496.5 nm, (c) wrapped phase, and (d) unwrapped
phase or 3D surface profile. The two wavelengths used are: λ 1 = 496.5 nm and λ2 = 488 nm and the synthetic
wavelength is Λ = 28.5 μm.
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Figure 13.
MWDH-SH hologram reconstruction.

Figure 12.
Lab setup (Michelson configuration) for macroscopic, spatial heterodyne MWDH using coaxial beams and a
single spatial filter and collimation lens. The collimation lens should ideally be achromatic at the λ1 and λ2
wavelengths. M1, M2: Mirrors, BS: Beam splitter, PBS: Polarizing beam splitter. The polarizer, P0, ensures λ1
and λ2 maintain orthogonal polarization [6, 23].

Figure 14.
BMA slides (a) reference image over (b) the target image, (c) correlation. The best correlation occurs at: Xshift:
0 and Yshift: �4 pixels.
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only match to within ½ pixel. Hence, BMA matching will generally underperform
the two-shot method. After aligning the images, the phase difference is calculated
by phase subtraction similar to the two shot technique. The example shown in
Figure 15 is for synthetic wavelength Λ ¼ 150 μm.

An alternative method of matching the two images is to introduce a phase “tilt”
to either one, or both holograms during reconstruction which causes lateral shifts in
the position of each image. This is typically referred to as introducing a phase mask,
Ψ m, nð Þ, during reconstruction, and in general can take any form, although the most
commonly used are tilt phases and lens phases. Proper selection of the phase mask
(typically found via multiple iterations) can position one hologram reconstruction
directly over the other, and phase subtraction may then be performed in a matter
analogous to the “two-shot” method previously described, including appropriate
resolution matching via zero-padding. An example of phase due to tilt and due to
the MO are given by Eq. (13). The hologram matrix is simply multiplied by the
phase mask, Ψ, prior to reconstruction. Although the phase mask method is typi-
cally more difficult to implement, requiring multiple iterations to arrive at the
correct phase mask, it does not suffer from the inherent mismatch error of up to ½
pixel, as the BMA process does. However, the overlap accuracy will now depend
upon the accuracy of the modeled phase mask.

Figure 15.
MWDH-SH phase reconstruction, (a) amplitude reconstruction, (b) phase difference, and (c) phase
unwrapping for Λ ¼ 150 μm.

Figure 16.
(a) Custom fabricated micro-scale objects and (b) 1951 USAF resolution chart with a � 50 nm reflective
molybdenum film sputtered on it.
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3.2 Experimental results for multi-wavelength DHM (MWDHM) with and
without spatial heterodyning (MWDHM-SH)

In this section, we show an example of using the MWDH technique using a
microscopy setup similar to the single wavelength DHM shown in Figure 4. Thus,
the technique would be abbreviated as (MWDHM). A series of micro-scale objects
have been custom fabricated for this experiment as shown in Figure 16(a) and (b).
Figure 17(a) shows a MWDHM setup with achromatic optics and can be operated
in either the “one-shot” or “two-shot” Michelson configuration. Figure 17(b) is a
photograph of the object consisting of 4 bars of photoresist (See element in red

Figure 17.
(a) MWDHM Michelson recording configuration. (b) Photograph of the object. (c) Amplitude reconstruction
of the λ1 hologram only. (d) Wrapped phase difference between λ1 and λ2 reconstructions. (e) Unwrapped
phase showing MO curvature. (f) the flattened topogram after removal of the curvature.
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circle in Figure 16(a)), each 50 μm wide, on a silicon wafer substrate. Figure 17(c)
is the intensity reconstruction of the λ1 hologram only. Figure 17(d) shows the
wrapped phase difference between λ1 and λ2 reconstructions. Figure 17(e) shows
the unwrapped phase (Ref. [24]) with the residual MO quadratic phase curvature
and Figure 17(f) is the 3D topogram after removal of the MO phase using Eq. (13).
The relevant reconstruction parameters are: d = 22.7 cm, λ1 = 632.8 nm,
λ2 = 488.0 nm, Λ = 2.13 μm, Δx = 6.7 μm, and N = 1024, and M = 2.75. Note that the
phase rings are due to a slight mismatch in collimation between the λ1 and λ2 beams,
which causes circularly symmetric phase beating since at least one wavefront is not
well collimated. This situation arises often in physical lab setups in which both
beams are coaxially aligned and filtered using the same pinhole prior to using a
single collimation lens. Chromatic dispersion will prevent both wavelengths from
being collimated simultaneously, unless an achromatic lens is used.

Here we show an example using the MWDHM technique with the microscopy
setup of Figure 17(a), operated in the spatial heterodyne configuration (MWDHM-
SH). The object is a set of 3 rectangular photoresist bars, each 75 μm wide, on a
silicon wafer (See element in black circle in Figure 16(a)). In this case, the object is
simultaneously illuminated by two wavelengths at normal incidence and only a
single composite hologram is recorded by the CCD (i.e. “one-shot”). The single
hologram is reconstructed twice, one at each fundamental wavelength, and the
block-match algorithm is used to align the images prior to phase subtraction.
Figure 18(a) shows the intensity reconstruction of the λ1 hologram only, with the
region of interest circled, Figure 18(b) shows the wrapped phase difference
between λ1 and λ2 reconstructions after block matching and phase subtraction,

Figure 18.
(a) The intensity reconstruction of the λ1 hologram only, with the region of interest circled. (b) the wrapped
phase difference between λ1 and λ2 reconstructions after block matching and phase subtraction. (c) the
unwrapped phase with the residual MO quadratic phase curvature, and (d) the 3D topogram after removal of
the MO phase, and correction of phase errors.
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while Figure 18(c) shows the unwrapped phase with the residual MO quadratic
phase curvature, and Figure 18(d) is the 3D topogram after removal of the MO
phase and correction of phase errors. The relevant reconstruction parameters are:
d = 23 cm, λ1 = 632.8 nm, λ2 = 488 nm, Λ = 2.13 μm, Δx = 6.7 μm, N = 1024, and
M = 2.75.

4. Theoretical background of telecentric systems

In a conventional lens systems the magnification changes with object position
change, the image has distortion, perspective errors, image resolution loss along the
field depth, and edge position uncertainty due to object border lighting geometry.
However, a telecentric system, such as the one shown in Figure 19, provides nearly
constant magnification, virtually eliminates perspective angle error (Object with
large depth will not appear tilted), and eliminates radial and tangential distortion. In
a bitelecentric system, both the entrance pupil (EP) and exit pupil (XP) are located
at infinity. Given that double telecentric systems are afocal, shifting either the
image or object does not affect magnification.

As shown in Sections 2 and 3, traditional DHM systems record a digital hologram
using a MO. The object phase recovered from digital reconstruction using the
Fresnel transform suffers from a parabolic phase factor introduced by the MO. The
phase of the MO is superposed over the object phase, often obscuring it. Also, the
phase tilt introduced by the reference beam results in linear fringes with high
frequency that also obscure the real phase of the object. Numerical techniques as
well as optical configurations are usually employed to compensate for both the
parabolic phase curvature and the phase tilt. One well-known technique discussed
in Section 2 is based on phase mask during reconstruction, which requires knowl-
edge of the setup parameters [13, 14, 40–42]. If the object parameters are unknown
a two-step method is used, in which the hologram of a flat reference surface is
initially recorded, and upon reconstruction it is subtracted from that of the holo-
gram of the real object [43]. In this section, we adopt two telecentric configurations
in reflection and transmission modes to remove optically, instead of numerically,
the phase curvature due to MO [44–46]. This telecentric setup can be used in a
single wavelength or multiwavelength DHM configurations. It is worth noting that
while operating in the nontelecentric mode, a posteriori numerical methods will not
eliminate the phase aberration completely, as it depends on sample location in the
field of view (FOV) [45].

In traditional DHM, the recorded wavefront on the CCD includes the interfer-
ence of the reference wavefront and the total object wavefront. The total object
phase consists of the defocused object phase on the image plane as well as the

Figure 19.
A double telecentric system.
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spherical (quadratic in paraxial approximation) phase due to propagation of the
object wave from the image plane to the CCD. The object phase is expressed as
[11, 46]:

φ x, yð Þ ¼ jk
2R

x2 þ y2
� �þ φob x, yð Þ, (28)

where R is the radius of curvature of the spherical curvature.
Typical multiwavelength DHM setups using telecentric configurations in reflec-

tion and transmission modes are shown in Figure 20(a) and (b), respectively. In
each setup, the telecentric system is formed by employing two achromatic lenses
and an aperture stop similar to Figure 19. The achromatic lenses are crucial to
eliminate achromatic aberration due to the use of multi-wavelength illumination.
The telecentric system is set in an afocal configuration, where the back focal plane
of L1 coincides with the front focal plane of L2 f 1 � f 2

� �
, with the object placed at

the front focal plane of L1, resulting in the cancelation of the spherical phase
curvature normally present in traditional DHM systems.

Hence, the 3D amplitude distribution in the image space will be a scaled
defocused replica of the 3D amplitude distribution of the object space due to the

Figure 20.
Schematics of the TMWDHM setups: (a) reflection and (b) transmission configurations.
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convolution with the PSF of the lens system. For each wavelength λ1, λ2ð Þ, the
object wave recorded by the CCD can be expressed as [45]:

O x, yð Þ ¼ � 1
M

exp jk1,2 2 f 2 þ f 1
� �h i

� O0 x
M

,
y
M

� �
∗ ~P

x
λ1,2 f 2

,
y

λ1,2 f 2

� �� �
, (29)

where,O0 ∗ ~P is the convolution of the complex amplitude scattered by the object
and the PSF, (*) is the convolution operator, and themagnification isM ¼ � f 2= f 1 [47].

4.1 Experimental results for single wave telecentric DHM (TDHM)

Figure 21 shows a custom developed user-friendly graphical user interface
(GUI) for the single wave reflection Telecentric DHM (TDHM) setup similar to that
shown in Figure 20(a). The target object is shown in Figure 16(b).

The MATLAB GUI is connected to a Lumenra LU120MCCD camera using a USB
cable. The GUI is equipped with all the parameters needed to adapt to different CCD
camera pixel size, laser wavelength, reconstruction distance, reflection vs. transmis-
sion mode. In this example, the laser wavelengths used is λ ¼ 488nm the CCD pixel
size is 5.2 μm, the reconstruction distance is d = 20.2 cm. The reconstructed height is
around 120 nm. It’s worth noting that slight aberrations due to the optical components
exist in the final computed phase. This can be automatically corrected by subtracting
the reconstructed phase shape from the background phase using Zernike polynomial
approximation of the residual phase as shown in the GUI.

The telecentric technique has a lot of advantages compared to a standard DHM
system since the reconstruction parameters in a standard DHM are hard to obtain
and need to be measured precisely to obtain the 3D phase information.

4.2 Experimental results for telecentric multi-wavelength DHM (TMWDHM)

Figure 22 shows the GUI for the reflection configuration shown in Figure 20(a).
The target in this experiment is a transmissive object (PMMA) on a reflective Si
background (See element in blue circle in Figure 16(a)). The laser wavelengths used

Figure 21.
A custom-designed GUI showing the TDHM in reflection configuration. The object is a reflective object on a
reflective substrate (see Figure 16(b)).
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are λ1 ¼ 514:5nm, λ1 ¼ 488nm: The synthetic wavelength is: Λ ¼ 9:6μm and the CCD
pixel size is: 5.2 μm. The reconstruction distance is: d = 20.2 cm. It’s worth noting that
a slight misalignment and/or achromatic aberration may result in one residual fringe
to remain in the final computed phase. Although achromatic lenses were used, there
still might be some remaining chromatic aberration, since the achromats are not
perfect. That might be enough to cause the one remaining fringe of phase curvature.
This can be automatically corrected by subtracting a the reonstructed phase shape
from the background phase using Zernike polynomial approximation of the residual
phase as shown in the GUI.

5. Simulation of coherent speckle on phase and intensity

Due to the use of coherent optical sources, the recorded holograms and
reconstructed fields contain coherent speckle patterns, as seen in the inset in
Figure 23(a). Speckle is produced by the coherent interference of a set of
wavefronts. Mutual interference occurs when coherence is lost, where coherence is
defined as the wavefront having constant phase at each frequency. A well-known
mechanism for incoherence is optical roughness; when illuminated with mono-
chromatic light the reflected (or scattered) wave consist of the contribution from
many scattering points. Different scattering areas or small highlights on the object
emit spherical wavelets which combine and interfere coherently resulting in a
complex interference pattern known as speckle (Ref. [48–54]). This speckle gener-
ation mechanism also applies to transmission (scattering) through an optically
rough phase object.

Due to variable phase shifts produced as the wavefront propagates through an
optically rough object, the field leaving the object has a corrugated structure of
interference. In addition, the presence of an optical diffuser before the object
(which consists of small thickness variations) in transmissive configuration, has the
same effect as a rough surface in reflective imaging. In this section, we seek to

Figure 22.
A custom-designed GUI showing the TMWDHM in reflective configuration. The object is a transmissive object
on a reflective substrate (see Figure 16(a)).
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demonstrate an accurate representation of speckle in transmissive imaging through
nearly transparent samples, valid for biological imaging applications. To simulate

speckle, we consider the complex phasor amplitude EO r!
� �

¼ EOj je j k
!� r!
� �

þϕ r!ð Þ
� �

given by a plane wave propagating through an object which induces a spatially

dependent phase shift given by ϕ r!
� �

. A spatially dependent phase shift ϕrough r!
� �

is introduced to the field at the object plane to account for optical roughness/
diffuser. The optical roughness can then be represented by a combination of

phasors at each location given by Arough r!
� �

e jϕrough r!ð Þ, such that the object complex

amplitude wave with the inclusion of optical roughness is given by

EO r!
� �

¼ EO r!
� �

Arough r!
� �

e jϕrough r!ð Þ ¼ EOj jArough r!
� �

e j k
!
∙ r!

� �
þϕ r!ð Þþϕrough r!ð Þ

� �
,

(30)

where the total phase is the sum of the phase derived from the height profile

ϕ r!
� �

and the phase introduced by optical roughness. The amplitude contribution

of speckle Arough r!
� �

is computed by integrating the absorption coefficient of the

material along the optical path length of the roughness. We assume that the phase
contribution from each phasor are statistically independent as well as statistically
independent from all other phasors such that the phase induced by each surface
patch is uniformly distributed over the interval �ϕmax,ϕmaxð Þ (Ref. [49]). The
maximum phase shift induced by optical roughness, ϕmax, is derived from the
maximum height deviation of the sample roughness. If the surface is rough relative
to the optical wavelength, such that each phasor can produce phase shifts of many
2π multiples, the phase shift induced by each surface patch is uniformly distributed
over the interval �π, πð Þ (Ref. [49]). The numerical propagation of the complex
field then captures the coherent interference of the spherical wavelets emitted from
the optically rough surface as the wavefront propagates in space.

As an example, we consider a USAF resolution target with a maximum thickness
of 10 microns and random height deviations of 1 micron (10% of total height and
1.6λ for red light) due to roughness, imaged through a telecentric holographic
configuration with 3x magnification. Figure 24 shows probability density functions

Figure 23.
(a) Spatial frequency spectrum of a hologram recorded using an off-axis digital holographic setup. (b) A slice
through constant spatial frequency.
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computed using the phase reconstruction of simulated speckle patterns; the real and
imaginary components of the complex speckle field (A,B) are i.i.d. Gaussian ran-
dom variables, such that magnitude and intensity (C,D) are Rayleigh and χ2

2

(negative exponential) distributed respectively, and the phase (E) is uniform. The
validity of the probability density functions in Figure 24 is well documented in the
literature (Ref [48–49]).

In a typical experiment speckle can be reduced using diversity in polarization,
space, frequency, or time (Ref. [49]). One of the time domain techniques is through
rotating a diffuser or by using a liquid crystal based electronic speckle reducer (Ref.
[55]). Another technique is to average multiple holograms or reconstructions
recorded by varying the optical path length of the reference beam relative to the
object beam (Ref. [56]). Figure 25 show the reconstructed height profile averaged
over increasing phase reconstruction frames, where the initial roughness distribu-
tions are assumed to be statistically independent from frame to frame due to the
varying optical path length difference between the object and reference beam.
Figure 26 shows the standard deviation of the phase and height profile contribution
of simulated speckle as a function of increasing averaging frames. As expected, the
standard deviation decreases as 1=

ffiffiffiffi
N

p
where N is the number of averaged frames.

In this section, we have demonstrated that the distributions of the simulated
speckle phase and intensity are consistent with theory and observations in the limit
when the optical roughness is large relative to the optical wavelength. In addition,
we have shown that the reduction of speckle standard deviation associated with
averaging is as expected. While we have demonstrated an accurate and robust
numerical representation of optical speckle patterns in holographic imaging, we do
not seek to address speckle mitigation techniques in detail. Our goal is to mimic
experimentally recorded and reconstructed holograms for realistic machine learn-
ing training not to mitigate speckle, as shown in Section 6 below. In future work we
seek to explore the sensitivity of speckle statistics to the roughness of the object
relative to the optical wavelength.

Figure 24.
Probability density functions of reconstructed speckle patterns. The real and imaginary components of the
complex speckle field (a,b) are Gaussian distributed, the magnitude and intensity (c,d) are Rayleigh and χ2

2

distributed respectively, and the phase (e) is uniform.

Figure 25.
Reconstructed height profile for a telecentric configuration with a magnification of M ¼ 3 averaged over 1 (a),
3 (b), 10 (c), and 30 (d) frames.
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6. Conclusion

In this Chapter, we developed the theory, the reconstruction algorithms, and
discussed the different experimental configurations for digital holography and dig-
ital holographic microscopy. We also showed typical experimental setups for single
and multiwavelength configurations. We concluded that single wavelength setups
are used for heights that do not exceed few microns while multiwavelength-based
setups are used for heights that can reach 100’s of microns depending on the
synthetic wavelength used. We also discussed in details the two shot versus the one
shot MWDH setup. Although hologram reconstruction using one-shot setup needs
an extra digital correlation step, it is very well suited for dynamic objects which
change relatively quickly. We also discussed briefly how Zernike polynomials are
used to cancel the residual phase due to the different aberrations in the optical
system. We also discussed the theory and experimental setups of novel reflection as
well as transmission telecentric digital holographic microscopy configurations. The
setup optically removes, without the need of any post-processing, the parabolic
phase distortion caused by the microscope objective which is present in a traditional
multi-wavelength digital holographic microscope. Without a telecentric setup and
even with post-processing a residual phase remains to perturb the measurement.
The telecentric technique has a major advantage since the reconstruction parame-
ters needed and hard to obtain in a standard DHM do not need to be measured
precisely to obtain the 3D phase information. Finally, a custom developed user-
friendly GUI was employed to automate the recording and reconstruction process.

Figure 26.
Standard deviation of speckle phase and corresponding height profile as a function of number of frames
averaged.
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Chapter 5

Application of Augmented  
Reality in TVET, a Modern 
Teaching-Learning Technology
Balakrishnan Chandrasekar

Abstract

Technical Vocational Education Training (TVET) in India is increasingly 
 receiving significance with focus towards skill development and employability in the 
development sector. The skill development and employability of skilled resources 
depend on the extent of design, delivery, attainment, relevance of vocational 
training programmes. The objectives of TVET institutions have varied with focus 
on the type of technical vocational and skill training, the delivery systems, employ-
ment potential, and employment in the relevant sectors. They are predominantly 
relevant to the geographic location, availability potential resources viz. manpower, 
funding and employment scenario. The skill training providers largely face several 
constraints and difficulties in the delivery systems, teaching-learning process, which 
have varied with learner’s expectations and the education needs. The technology-
enabled teaching-learning has directed towards increased use of information 
communication technology (ICT) and computer-based teaching technologies in the 
learning centres. The computer-based teaching, virtual experiments and practical-
based learning find wider application. Very little has been done in terms of relevance 
of vocational training and applications. This chapter attempts to review the available 
augmented reality or extended augmented reality for technical vocational education 
training and skill development, its relevance and increasing the impact of student 
leaning application in the skill centres. The author finally shares the experience of 
use of extended augmented reality for a vocational training.

Keywords: TVET, virtual learning, e-learning, augmented learning technology

1. Introduction

Technical Vocational Education and Training (TVET) is a comprehensive system 
provided for training at the technician level to aspiring youth, which essentially 
forms part of an integral employment system in any developing nation. TVET 
and skill development systems are pivotal to employment creation, employment 
generation and employability across a variety of domains of economic activities in 
a country. India has taken a stride in providing wider opportunity for skill training 
and the technical vocational education for few decades. TVET and skill develop-
ment have grown manifold with opportunities and seamless integration with formal 
system of training and employment. Across the Asian region, the technical voca-
tional education has broadly remained the same within the context of skill-based 
training system, outcomes and learner attainment.
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All developing nations have instilled strong belief that well-trained workforce 
is the cornerstone to the growing economy and development of the nation. They 
always serve as a backbone to the nation in bringing more skilled workforce, aspir-
ing to quality services and relevance to the market-driven economy.

In order to give an understanding of evolution of TVET in a typical developing 
nation like India, a sequential history of policies and strategies are briefly presented 
in the following section. It is also common to observe that abutting nations to India 
have systems even before India’s republic, as they all have emerged from the erst-
while British regime, countries have adopted as per the country’s need, demand and 
availability of resources with time.

The vocational training system in India can be traced back to the British Rule, 
the pre-independence and post-independence (before and after 1947, respectively). 
During the onset of economic growth, the vocational education received little 
attention. However, the government at that point of time consciously put in place 
policy initiatives recommended by such Committees during pre-independence era. 
The key initiatives in technical vocational education training system enumerated 
schemes detailing the programme framework, learner attainment, etc. The policy 
decisions in pre-independence were through the statutory committees and intended 
reports, as follows: (a) Wood Despatch [1], (b) Indian Education Commission 
[2], (c) Rise of National Education Movement (1905–1921) [3], (d) the Hartog 
Committee (1929) [4], (e) the Sapru Committee [3], (f) Abbot Wood Report 
[4], (g) the Zakir Hussain Committee [5] and (h) the Sargent Report and Central 
Advisory Board on Education [6].

The recommendations and strategies put forth by these committees laid the 
foundation for design, preparation and institutionalizing the education system 
inclusive of technical vocational education. The education policy broadly covered 
the technical education (the engineering stream), technician and vocational system 
and related areas. The technical vocational system received its significance as per 
the priorities at that point and funding availability. The section below presents the 
highlights relevant to development of TVET systems, in the context of the learner 
engagement and pedagogy.

The formal structure of education in general composed of primary, secondary 
schooling and pre-university (5 + 3 + 3 years, respectively), and the vocational 
studies commenced after 11 years of schooling, as recommended by the Sapru 
Committee [3]. During this phase, the basic education syllabus along with the crafts 
curriculum was proposed, wherein all school students to receive the vocational 
curriculum to be imparted at school level. The pedagogy in basic education and 
vocational education was given importance and began as a policy as also outlined 
in its report [4]. In this phase, the assessment, evaluation and student retention in 
classroom for instructional-based learning were also emphasized to be stakeholder 
needs. Classroom teaching with common instructional medium and the regional 
language (mother tongue) were given stressed during this period. Following this, 
the learning resources such as textbooks, lab manuals and workshop resources 
received attention in the vocational education at the secondary level.

The vocationalization of secondary education was given importance wherein 
pre-final and final-year school students at the end of 11 years schooling had the 
option to specialize in technical and vocational training [5]. During this phase, the 
vocational education faced impediments during implementation including lack 
funds, adequate training resources in the centres, schools, lack of trained teachers.

A significant change in the education system along with the technical vocational 
education training was experienced during the post-independence era. The techni-
cal and vocational education received its importance due the labour market needs 
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and demand in the industrial manpower. Following this demand, the education 
received much attention. Several institutional structures along with formal systems 
in terms of committees and commissions were formed. Some of the key institu-
tional mechanism were (a) University Education Commission [7], (b) Secondary 
Education Commission [8], (c) Kothari Commission [9], (d) Central Advisory 
Board of Education [9], (e) National Policy on Education [10], (f) Report of the 
Working Group on vocationalization [3], (g) Adiseshiah Report – Vocationalization 
of Higher Secondary Education & 10 + 2 Committee [11], (h) Working Group on 
Vocationalization of Education [3], (i) National Policy on Education and the Action 
Programme on Vocational Education (1986) and (j) National Policy on Education 
1986, Revised Policy (1992) [12].

It may be seen the aforesaid institutional mechanisms are key to development 
of TVET system as it is presently and keeps evolving as per the needs, stakeholder 
demands and the domain expertise. Taking into account the experience of pre-
independence, the Kothari Commission [13] consolidated an education system to 
meet the national needs, addressing the labour market scenario, taking into account 
best expertise of the global situation. Thus, the emphasis for vocationalization was 
introduced at the pre-university, which included wide variety of areas including 
agriculture, engineering, non-engineering trades. These areas helped learners 
to acquire specialization in these areas at the higher education level. Vocational 
courses after 10 years schooling was emphasized for rapid expansion. Trade speci-
alities in health sector, administration, commerce and small-scale industries were 
introduced. The trade certification levels such as certificate courses, diploma and 
post-diploma were designed, and the same was offered by the institutes owned by 
central government and the states.

With the growing needs and demands in the formal vocational system, there was 
need to undertake surveys and reformulate strategies to meet the skill demands at 
various level, the central government constituted with the aim to uniformly expand 
the scope of such technical institutions across the states. The expansion of trade 
certification programmes in the ITIs to meet the industry needs at rural blocks for 
increasing employment to such youth was recommended in Subanayagam Report, 
1978 [3]. It is at this stage, ITIs were given importance and positioned as units of 
training service providers with the industry standards of curriculum, syllabus, 
examinations and certification prescribed by a national body for the identified 
trades. The process of streamlining a statutory body named, National Council for 
Vocational Education at the central level and concurrently, states also the estab-
lished State Councils for Vocational Education to meet the state and regional needs. 
These institutional mechanisms served to set norms, standards for various trade 
level courses, certification standards and examination systems.

With increasing demand for trained manpower in the labour market, the techni-
cal vocational education and training gained more relevance in the national and 
regional level context. The central government at that point realized the importance 
of restricting TVET system. The vocational and skill trades in the context of indus-
try demands were addressed in a comprehensive manner. During this phase, few 
additional institutional mechanisms were recommended by the Kulandaiswamy 
Report, 1985 [3]. By this stage, the ministry responsible for education was vested 
with the responsibility to synthesize curriculum, learning resources, assessment 
system and introduction of vocational education in schools. Thus, the responsible 
ministry set up a national apex institution, the National Council for Education 
Research & Training, which grew to an extent to spin-off a dedicated vocational 
education training and research in vocational curriculum and pedagogy, and 
develop the trainers programme at the national level, which is now named as Pandit 
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Sunderlal Sharma Institute for Vocational Education (PSSIVE). This was given 
complete powers to prepare curriculum in additional to the schooling at all levels for 
the vocational education and preparing the learning resources.

It is seen that the vocational education and training remain the core for skilling 
the learners and aspiring youth seeking jobs in the market. The central government 
have initiated various strategies at all levels to make relevant and appropriate with 
changing trends, demands and needs in the view of variety of stakeholders. The 
government at all times has accorded priority to skill development as the central 
sector scheme to promote TVET in partnership with industry stakeholders [14].

2.  Recent developments in technical vocational education and training 
and skill training system

In the context of this chapter, TVET system relates to a formal training 
system where students after obtaining school certificate enter the vocational 
stream leading to a certificate, diploma and specialized trade-related courses. In 
general, the trained youth entered this formal system and were allowed to do an 
apprenticeship training attached with industry leading to award of certificate for 
which the learner is enrolled. The skill development system is a structured system 
of skill training for youth who have never attended a school, students attended 
school and later drop-out for reasons, or youth who never had a formal education 
in any of system and those aspiring to enter the labour market with a certifica-
tion (recognized by the designated skill certification authorities following such 
norms), and this certification empower the youth in getting an employment in 
labour market.

Over the decade, the TVET system emphasized the requirement for change 
in the organizational structure at various levels that will help to address the core 
aspects of vocationalization. The efforts for introduction of vocational education at 
various levels achieved impact to an extent at that point of time. The government at 
national level has taken series of efforts on its own and with the support of exter-
nally aided institutions such as GIZ India, ILO, The World Bank and few private 
sector partners including NGOs to conduct a review of the TVET system [15].

Some of the key issues in the TVET system are briefly illustrated, which are in 
general relevant to the developing nations like India.

i. The TVET system shall be dynamic that is responsive and address the needs 
of the labour market with the growing economic development.

ii. The strategies for improving the relevance and effectiveness of public 
vocational training institutions shall be the key factor, keeping in view 
the industry engagement and representative of industry stakeholder 
across all the policies of a country and keep pace with the demands and 
requirements.

iii. A well-designed industry-institute engagement model, learner engagement 
model with the training service provider to meet all times demands will be 
more appropriate.

iv. The management structure of TVET at all levels needs to be proactive and 
responsive, which meant defining the roles and functions and be able to 
address the intended objectives at the national, regional and state levels and 
other key stakeholders directly responsible.
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v. Autonomy to skill training providers in line with the national strategies, industry 
demands and needs to address the skill requirements and flexibility to engage 
with such stakeholders to make vocational skills more relevance. The skill train-
ing providers to have a localized management structure and representation of 
industry stakeholders to address skills needs, demands, work in achieving the 
efficiency of skill training providers, be able to address local and regional needs 
at time, more towards addressing skill gaps by equipping skill training providers 
with modern labs that shall address the industry demand skills.

vi. In order to achieve the effective utilization of infrastructure created, 
national and regional levels, continual improvement of the system is a must; 
therefore, increase allocation and availability of financing are to be under 
top priority and should form part of the TVET strategy.

vii. In the present context, synergizing the formal TVET system and skill 
development system is a discussion point. Both the systems address skills 
as the learning outcome. Then, the learner engagement model is concern, 
which varies with the type of trades, institutions where the learner acquires 
the skills, the context where the learner acquires such skills, for example in 
the skill centres, industry floor shop, etc.

The vocationalization in India turned to large-scale training system and the 
need for private sector engagement came into a realization based on the review 
and assessment by national and international institutions. Studies were conducted 
by the World Bank, GIZ India, UNESCO-ILO and few joint studies to elicit nature 
of demand and potential. Consolidating the recommendations and outcome of 
the above strategic studies, the Central Advisory Board on Education in 2008 [16] 
stressed on quality, quantity, access and relevance. The objective was also to engage 
with private sector in large-scale design, development and deployment of skill 
trades which lead to employment, education and empowerment. The private sector 
participation and learner engagement model for the large-scale system varied with 
the type of service provider, the institutional management structure, financial 
capacity and capability and reaching the needy across demand sectors, needy 
sectors and employment potential. A system that allowed greater cost sharing, that 
is moving from a system which is increasingly financed by the private sector and by 
student fees and ensuring that vocational technical education, has vertical mobility 
to higher education for the prospective students.

The technical vocational education and training system in India has evolved 
to meet the labour market needs at various levels. The integration of skills in the 
formal education system is presented as a comparison as given in Figure 1.

The technical vocational education training in many Asian countries such as 
Thailand is termed as experimental-based learning process [18] and authors also 
define as ‘an education designed and developed to enhance learners’ technical skills, 
human talents, cognitive accepting attitudes and work behaviour in order to make 
learners employable in industries’ [19].

The key characteristics in the TVET system have varied with type of vocational 
technical training, regional needs, skill demands needed in the employment sector 
and the extent of handling with type of equipment, devices and the like. The com-
mon characteristics include as follows:

a. Contextualized learning: vocational learning content; pedagogy—teaching-
learning environment, learning ecosystem; type of workplace; type and level 
of learners, who make the entire context relevant and appropriate
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b. Varying learner characteristics, skill needs and demands in the type of skill 
programmes

c. Trainers adopting different learning methods, classroom-based teaching, 
mocks & trials in the classroom/workshops, mock labs and virtual experi-
ments, case study resources, visit & experience on practical handling  
techniques, etc.

d. On the job training, wherein fresh graduates learning in varied systems and 
approached lands in shop floor, workshop to get hands-on training and experi-
ence to mature into assembly productions, manufacturing, etc.

The structure of TVET common across all Asian nations is illustrated in Figure 2.
In general, the Asian nations have similar systems wherein youth entering 

the labour market have less skills or never gone through a formal training for an 
identified trade. Thus, the need for a system integrating the learning phase in the 
vocational training centres and that of the industry need to meet the demands for 
specific tasks and job roles. This holds true across all developing nations. There is 
always a wide gap in the demand supply system matching the skills across sectors.

While the characteristics are focussed and clear with type of learning objectives 
for technical vocational education remains pivotal to employability, the significant 

Figure 1. 
TVET & skills training system in India. Source: B. Chandrasekar et al. [12]. *Recognition of prior learning 
(RPL) is a certification process, which allows learners fortransition from non-formal to an organized market 
by acquiring skill certification. It is a process of recognizing previous learning, often experimental towards a 
given qualification and allows horizontal and vertical mobility in the new skill qualification framework [17].
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role of the system is to provide orientation and initial training in the key skills and 
upgraded skills/upskilling in the relevant areas of skill and vocational training. A 
combination of the above two key objectives will lead graduates employable in the 
stream of training obtained. For the initial technical and vocational training, the ben-
eficiaries (student population, youth) at the age group of 16–18 years have obtained 
the required schooling education and seek employment in any technical vocational 
sector. They are employed in the production, manufacturing, shop floor jobs in such 
units with certain skills levels competent to perform such tasks, those who enter the 
labour market fresh. Another category of skill and vocational learners includes those 
who desire to upgrade skills in a variety of areas with varied experiences in their prior 
learning experience (PLE) or in related fields to upgrade their knowledge and skills 
and facilitate/help move up in their career. The learning experience- and practical-
based learning is analogous to higher education as they are counterpart in their field 
of learning ecosystem, and the comparison is given in Table 1.

Figure 2. 
TVET system in Asia (source: adapted from [20]).

Key attributes in learning 
systems/processes

TVET Higher education

Learning environment Practice-based learning Fundamental, theory & concept based 
learning (basic & advanced level)

Learning goals Occupational 
competence: 
competency-based 
learning, skill-oriented 
learning

Discipline-based learning, autonomy/
flexibility of choice to specialize in particular 
areas, upgrade to higher level in education 
stream; build over all personality

Learning orientation Demand-based training, 
labour market needs for 
such qualified workers

Cannon of representative knowledge from 
broad based to focussed; research as focus, 
learn from objectives to evidence based

Knowledge/learning & 
assessment

Adoption of 
competency-based 
education

On the job training and assessment of student 
knowledge in a grading approach

Table 1. 
Key attributes in learning systems and processes a comparison.
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3. Vocational learning systems

The learning systems in TVET or skills have largely remained conventional 
wherein typically, the classroom methods with the concept of technical vocational 
content imparted to learners, while that of practical handling is also within the 
classroom using demo equipment and devices. The disciplines largely include 
engineering, manufacturing and production sector trades.

The duration of classroom learning, use of pedagogy and practical training, 
practice handling of such devices and equipment varied with type of trades, level of 
certification and the kind of programmes.

With the increasing demand for employment and employability in a variety of 
areas covering industry, agriculture, service sector and related areas, the learning 
systems emerged into a combination of traditional method combined with computer-
based or technology-enabled learning. The learning contents using the computer-
based have varied with time, type of trade and the extent to which the contents can 
be delivered using technology platform.

ICT in vocational education became a new concept of learning in early 2000 
and significantly taken up various nations to meet the increasing skill needs and 
demands, while attempting to maintain the quality of classroom delivery equivalent 
to the conventional face-to-face teaching experience. However, during the initial 
phase, it is kept to the extent as per the needs and demands in the respective areas. 
The attainment of skills levels varied with the speciality of trades, level of skill 
programme and availability and usability of the contents. UNESCO-UNIVOC [20] 
reported that ICT in vocational technical education had the potential to create 
transformative changes in skills delivery and attainment to the expected level of 
employers. The possibilities include flexible, life-long learning, enhanced knowl-
edge sharing and social learning between peers and experts, and this augmented 
system of virtual learning and simulated experiments will meet the sustainable 
objectives of TVET learning attainment.

With the increasing availability of computer- and technology-enabled learn-
ing, the vocational and skill learning content had focus on delivery of concept, 
modular-based approaches to skill trades, learners’ ability to pick up the needs 
relevant to the employers’ expectations. Taking into account the real-time situa-
tion, virtual reality and augmented reality are the latest option, where learners at 
their desktop can access the real-time learning on virtual mode. This shall have 
combined with gaming techniques and assessment modules to review the learner 
skill attainment.

The benefits of augmented reality and virtual reality were reported by Diegmann, 
Schmidt-Kraepelin, Eynden and Basten in [21], mentioned about improving the safety 
of experiential learning and teaching, access to contents and resources for complex 
topics, enhancing learners’ interest and keep up the enthusiasm for long-term learn-
ing. Later authors mention that virtual reality learning increases learner’s motivation 
and have experience of seeing issues in a real-time situation, at the same time, learners 
are able to focus on the key aspects to practical handling. The virtual reality or the 
augmented reality provides support for continual learner engagement and learners are 
able to mix and match the collaborative learning with more learning abilities.

The pedagogy in the technical vocational education training over the decades 
can be traced since its gaining significance, which is illustrated in Figure 3.

The learning attainment varied with type of combination of technology and 
disciplines of vocational training by the learners.

A review of unemployment rate in the developing countries indicates that 
effective learning technologies will address the quality of TVET and employability, 
effectively the technology-enabled learning can meet largely to the extent and the 
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variety of stakeholders addresses the factor in a variety of means. From the data, it 
is seen that a large potential of female population are still untapped and potential 
for vocational training in new areas is still to be explored. Efforts are taken for 
enhanced participation of female population across the Asian nations.

Unemployment rate of youth total and female in the Asian region, as estimated 
by the World Bank 2019 is as under as follows:

4. Learner engagement model

As mentioned, the learner engagement model varies with the type of vocational 
training institutes either operated and management by the responsible authorities. 
In a research study conducted by the author for skills development in private sector 
initiatives, the vocational training institute (or) the vocational service provider 
is engaged from the end-to-end services in the skill development processes. The 
service provider is responsible for mobilizing the learners, who are selected based 
on a prior skill obtained, earlier learning acquired or on the knowledge and skills in 
the specific domain areas. These learners undergo minimum learning hours, which 
are usually combination of real classroom teaching and virtual training using multi-
media learning resources. These are generally 2D or 3D learning resources. These 

Figure 3. 
Evolution of teaching technologies in TVET.

Bangladesh Sri Lanka India

Total 2015 10.79 19.26 22.33

2019 11.87 21.23 23.33

Female 2015 13.16 25.80 23.14

2019 15.42 29.82 24.31

Source: [22].
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are conveniently packaged in learning skills with skill attainment and assessment, 
which are modular based. Upon completion of the entire learning hours, the learner 
is equipped to deliver services in the respective trade and competent to be an expert 
in the learned domain areas.

Figure 4 illustrates the typical vocational service provider engaged in training in 
skill domain areas. The typical learner engagement model is illustrated.

4.1  Sequential steps about the placement-linked employment training model 
(PLET)

4.1.1 Mobilization

Youth are mobilized through local resources (representatives—panchayat heads, 
village heads, local contact point such as postman, bank representatives with some 
kind of incentive schemes), and information is also collected using technology-
enabled solutions—mobile solutions, and identified youth are invited to the nearest 
skill centre for counselling and enrolment in the skill programmes.

4.1.2 Enrolment and Skill Training

Upon completion of skill assessment and enrolment in programmes of the skill 
centre, the trainings are held as per the standards. The skill programmes follow 
the prescribed National Occupational Standards (NOS) and the National Skill 
Qualification Framework (NSQF). The skill centres also have unique training deliv-
ery methodology addressing the needs of learners, a unique approach of Module 
Centred Learning Architecture (MCLA), where the trainings that are classroom 
combined with video-based training delivery are followed. This method is also an 
ideal, where teachers and trainers are remotely available for continued interaction 
online with learners.

4.1.3 Vocational Pedagogy

The skill training is a mix of classroom teaching, using of video-based content, 
mentoring remotely, case study-based learning—practical training, on-job training/
industry-based training.

4.1.4 Assessment

An assessment to the training is also included, which includes domain skills, 
practical knowledge & soft skills, competency based. The grades for the skill 
acquired are based on the learner’s competency, which are also assessed by the 
employers.

Figure 4. 
Learner engagement model. Source: [23].
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4.1.5 Post-training and review

Post the training and assessment learners, at this stage trained youth is placed 
with the employer based on the skills certificate obtained from the employer 
database obtained already for placement. Where needed, the trained youth are 
mentored and counselled during the career to meet the individual needs and 
organizational objectives.

4.2  Technology in vocational education training or ICT in vocational education 
and training

Technology refers to use of computer-aided learning and the innovative use of 
information communication technology in order to achieve the learning objective 
in technician and vocational education in the time and scale. They are most often as 
virtual teachers in guiding the learners when enabled with virtual or remote teachers 
for a large group or learner community.

A variety of technology-enabled solutions are developed by vocational and skill 
training providers to meet the larger objectives of flexible learning and lifelong 
learning. The type of technology varied with the type of skills and vocational trades 
offered by the service providers. They can be broadly classified and termed as 
follows:

i. Multimedia technology for interactive learning

ii. Online learning portals

iii. Virtual labs

Each of the aforesaid can be defined by means of their use, application and 
relevance for vocational and skill training. The multimedia technology for interac-
tive learning is multi-modular-based skill training resources wherein trainer can 
use theses as teaching aids and after the classroom delivery, learners can use them 
as self-learning module. These can be used based on the learners’ skills attainment, 
capability to learn and capture the skill levels and advance in the learning attain-
ment. The teacher/trainer can use the multimedia content to augment this as teach-
ing notes and combine the virtually additional resources to given learners additional 
information, techniques in variety of modules. This serves multiple functional 
pedagogical techniques.

At the same time, online learning portal is a collection of ICT-based vocational 
and skill contents, already available in the Web site or a pre-recorded content and 
depending on the learner capacity and requirements, which can be augmented for 
teaching and learning. However, this allows flexibility to use wide content, which 
can be sourced from the Web resources across a variety of areas and geographies. 
The learner has the option of choice for a specific level of learning speed and 
accordingly can access the resources and be able to combine the best resources 
available in the Web-based resources. This shall have seamless access to resources 
available on the web; however, the limitation include they need to be customized as 
per the skill level, type of trades, focus to skill attainment and too much of flexibil-
ity in the assessment framework.

The virtual labs are unique Web-enabled practical handling technologies 
wherein students will be guided through specific instructions to undertake 
hands-on training, practice with virtual experimentation and clearly defined 
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outcome-based learning. This will work within the given framework of experi-
mental theme and programme. These are also most suited to advanced experiential 
learning and experimentation.

4.3 Augmented reality (or) virtual reality in vocational education training

The learning technology for vocational and technical education has grown to a 
more technologically development methods, by application of real-time learning 
using virtual experiential learning. This is made using application of more aug-
mented reality, wherein the learner applies using joystick or mouse to experience 
the real life-learning virtually.

The author in a project funded by the United Kingdom India Education Research 
Initiative (UKIERI), a bilateral funding for education, TVET and skill development 
initiatives developed a model for learning and training the vocational trainers; that 
is, trade instructors and faculty of TVET providers (all beneficiaries were from the 
government-supported institutes and skill centres) in the welding technology and 
painting technology, using augmented extended reality models.

The extracts of the use of augmented reality learning contents are presented and 
discussed briefly, as a case study model. A survey of vocational and technical educa-
tion trainers were interviewed regarding the use of modern teaching technologies. It 
was found that the majority of the trainers had access to the resource, however, could 
not find them relevant in the context of skill attainment; it was only after practical 
demonstration in the workshop, lab, the learners are able to respond, react and provide 
ideas on the learnings. Most of the vocational training providers in the government 
space also have lack of access to modern lab and demonstration equipment and devices. 
These vocational providers have limited access to updated/latest learning resources. 
Almost all vocational providers funded by the government at the local, regional and 
national levels have computing facilities with access to Internet sources. This allows 
trainers and learners the access to the world of Web resources. However, the access to 
such resources depends on the type of skill and vocational programmes available in the 
centre, extent of knowledge and skills of trainers for accessing such contents, etc.

It is in the context, the UKIERI-funded programme attempted to provide knowl-
edge and information regarding the use of augmented extended reality in technical 
education and training relevant to certificate-level trades covering selected states in 
India. The extracts as figures of the extended virtual reality as an example for two 
trades covering welding technology and painting are shown under.

The present learning technology emulated by the several of the vocational con-
tent development service providers includes application of artificial intelligence-
based extended virtual reality using machine learning processes. The process of 
artificial intelligence allows to have choice of certain commands that apply to the 
actual demonstration of experiments, lab techniques, etc. Hence, they allow learn-
ing with proper logical approach and sequencing. This allows learner a choice and 
level of learning in the vocational education training sector (Figure 5).

A typical model for a welding technology using augmented reality demonstrated 
during the training is illustrated in Figure 6. It may be seen the trainer using virtual 
models and joysticks for the welding trade.

In general, Artificial Intelligence and Machine Learning unit in a simulator is fed 
with a large amount of historical data dexterity information, technical field values, 
for example voltage, current flow rate for any typical engineering sector, and the 
unit is trained using supervised learning technique, past inputs and corresponding 
outputs used to create predictions. For example, in the case of welding training, 
for a given set of input hand movement, current, voltage and plate thickness and 
related demonstration parameters would be the welded joint defective, the defects 
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reveal the demo and be able to predict and show the learners/trainers. This interface 
creates enhanced learning environment by developing links between the inputs and 
outputs and the impact of each input parameters on output.

Mixed reality is yet another new concept, where learners have the option to 
learn from the mixture of real objects and real working experiments with virtual 
models. The key aspect that is more relevant and appropriate is included for the 
engineering and manufacturing sectors. The learner thinking skills along with the 
real objects help them to conceptualize what shall work better in the given context 
and situation.

5. Conclusions and learnings

With a wider option for the vocational and skill development, learners’ aspi-
rants and trainers, multiple options exist with the development of technology and 

Figure 5. 
Application of AR-VR with AI in TVET learning contents (project partnered with UKIERI, the Ministry 
of Skill Development and Entrepreneurship, 2019). Source: Skillveri Training Solutions Private Limited, 
Chennai, India, 2020.

Figure 6. 
Examples of extended virtual reality in welding technology relevant to skill qualifications for skill qualification 
framework levels 4 and 5. Source: Skillveri Training Solutions Private Limited, Chennai, India, 2020.
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customized development of such technology-enabled learning resources. Many a 
times, the modules are specific to discipline and skill trades. The trainers and learn-
ers can have choice from classroom lectures using books, textbooks, skill manuals/
guides, computer-aided learning resources, hand-held devices and a wider range of 
electronic appliance such as tablets, smartphones, short clippings from multimedia 
resources clubbed with any Web-enabled contents. There is now wide choice of 
knowledge resources, great deal of information, and hence, adopting to appropriate 
methods and application of type of resource is dependent on the learners’ capabil-
ity, type of discipline/trade and skill relevant to specific need and demand.

The advancement of learning in a virtual environment shall be largely based on 
the application of the augmented reality, virtual reality or extended virtual real-
ity, which shall be one of the most advanced developments in vocational and skills 
training. The application of artificial intelligence will help suit the learners’ mode in 
making the right choice of the content relevant to specific trade and learners’ ability 
towards skills attainment.

6. Definitions

TVET means Technical Vocational Education and Training, which is under-
stood as comprising education, training and skills development relating to a wide 
range of occupational fields, production, services and livelihoods. TVET as part 
of lifelong learning can take place at secondary, post-secondary and tertiary 
levels and includes work-based learning and continuing training and professional 
development, which may lead to learning-acquired certification/qualifications 
[24]; e-learning means learning done by learners using computers and computer-
based programmes and TVET refers to computer-based learning of vocational- and 
skill-based contents, with the aim to meet the learners’ learning needs and require-
ments, usually relating to additional information and clarification of complex 
issues; virtual learning environment means education technology using a Web-
based platform for the digital aspects of courses of study, usually within learning 
centres/vocational institute, and they are a pool of learning resources, activities, 
assessments, reference points, combined with interactions with course structure, 
and are provided for different stages of assessment [25]; augmented learning 
technology means is an on-demand learning technique, which adapts to the learner 
requirements, by providing remediation on-demand, learners can gain greater 
understanding of a module, topic, etc. These technologies incorporate rich media 
that the learner experience an adaptive learning experience based on the current 
context [25].
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Intelligent VR-AR for Natural 
Disasters Management
Silvia García, Paulina Trejo and Alberto García

Abstract

Considering the significance of improving natural disasters emergency 
 management and recognizing that catastrophe scenes are almost impossible to 
reconstruct in real life, forcing persons to experience real hazards violates both law 
and morality, in this research is presented an engine for Virtual Reality/Augmented 
Reality (VR/AR) that works enhancing human capacities for prevention, response 
and recovery of natural phenomena effects. The selected novel techniques have very 
advantageous qualities to overcome the inconveniences detected in the most recent 
seismic devastating experience in Mexico City, the Sept 19th, 2017, earthquake M7.2: 
total collapse of more than 230 buildings, partial fall of 7 000 houses, 370 people 
were killed, and over 6,000 were injured. VR and AR provide researchers, govern-
ment authorities and rescue teams with tools for recreating the emergencies entirely 
through computer-generated signals of sight, sound, and touch, when using VR, 
and overlays of sensory signals for experiences a rich juxtaposition of virtual and 
real worlds simultaneously, when AR is applied. The gap between knowledge and 
action is filled with visual, aural, and kinesthetic immersive experiences that poses 
a possibility to attend to the population in danger in a deeply efficient way, never 
experimented before.

Keywords: virtual reality, augmented reality, mixed reality, artificial intelligence, 
Mexico City, September 19th 2017 earthquake, Seismic phenomena, management 
natural disasters

1. Introduction

With the increased prevalence of smartphones and popularity of artificial 
intelligence (AI), substantial research and development have been made in pursuit 
of more cost-effective and high-performance sensor technologies [1, 2] and graphi-
cal processing units, which have led to the production of affordable virtual and 
augmented reality devices [3]. These developments allowed researchers in many 
fields (e.g., astronomy, psychology, medicine) to create controlled virtual environ-
ments that permit users to interact with digitally generated stimuli [4–6]. Virtual 
Reality (VR) and Augmented Reality (AR) are presented here as present and future 
alternatives for the efficient training of human resources, not only in the industrial 
field, but in every aspect of real world, of real life. The virtual recreation which 
objective is to transport the user to fully digitized and interactive environments, 
has allowed for the simulation of real processes and situations, an adequate way to 
reduce training times, prevent errors, or even improve the quality of products and 
actions. In the field of environmental sciences and natural disaster management 
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(NDM), public, scientists, decision-makers, and professionals can benefit from vir-
tual and augmented reality applications to simulate various and complex scenarios, 
constituting a realistic and safe workspace for repetition, precise measurements, 
and improved knowledge [7, 8].

In this research it is presented how VR and AR are applied to digitally recreate 
the real-life setting when an earthquake hit. In the preparedness before disasters 
happen, the simulated scenarios allow the user to interact with buildings, houses, 
foundations, streets, and buried pipes, on the one hand, and with soil strata, rock 
basement, ground motions, fissures, and cracks, on the other. Tricking the human 
perceptual system into believing that is being part of the virtual city, it is guaran-
teed complete focus on the effects of the seismic shaking.

By the seamless blending between a real environment and computer-generated 
virtual objects, the resulting mixture supplements the natural environment (the 
phenomena, the infrastructure, and soils responses) rather than replacing it with 
simplified conceptions. The virtual objects incrusted in the reality display infor-
mation about structures characteristics and soils properties that the users cannot 
directly detect with their own senses. This information conveyed by the virtual 
objects helps a user perform better NDM-tasks. The concepts of VR/AR activated 
are simulation, interaction, artificiality, immersion, telepresence, full-body immer-
sion, and network communication. The input information is compiled from the 
September 19th, 2021, earthquake files (accelerograms and geotechnical zonation 
where the monitoring station is placed), records of large settlements, fissures, and 
cracks as well as total and partial collapses of buildings and damage to buried pipes. 
The devastating earthquake of 2017 provided the opportunity to evaluate how 
citizens and the government prepare and respond to emergencies due to natural 
phenomena, particularly the seismic phenomenon, to generate the necessary 
improvements at each stage of natural disaster management.

2. Why natural disasters management must be supported by VR/AR

Built environments, which refer to all physical environments constructed for 
human habitation and activities [9], are constantly exposed to risk from various 
natural and manmade disasters, such as fires, tropical cyclones (wind and storm 
surge), earthquakes, tsunamis, floods, and terrorist attacks, which pose a signifi-
cant threat to human beings. Considering the severity of natural hazards, that 
become disasters when people’s lives and livelihoods are destroyed, an appropriate 
NDM is crucial to reduce the harmful effect of the phenomena and to facilitate a 
prompt reestablishment of the normal life after the emergencies [10]. When the 
threatened scenarios are large cities or strategic sites for nations, it is essential to 
have efficient and timely management programs that protect lives and properties 
of the inhabitants but also that quickly restore the productive and commercial 
capacities of population centers [11]. NDM covers i) risk prevention, ii) crisis 
preparedness (specific training), iii) emergency response (rescue), and iv) catas-
trophe recovery (reinstatement of services and lifelines) [12]. The key point in these 
actions is the preparation facing of the emergency so the researchers and profes-
sionals must work to improve the understanding of the situations, processes behind 
and analysis methods, anticipating the adverse possible situations, their worst 
evolution, and forecasting how they arrive to critical states.

The NDM process to save human lives, divided in pre-, during-, and post-disas-
ter actions, still have a gap between knowledge and intelligent and effective proce-
dures [13]. The impossibility to prepare and train under real-life conditions, limits 
the learning experience of first-responders, civilians, and city-planners. During 
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disasters, communication, and visualization of possible pathways to recovery (since 
danger could be permanent and/or resources are scattered) is fundamental. In 
this sense, VR and AR technologies cannot be ignored anymore: they have grown 
exponentially over multiple markets and is projected to have a worldwide revenue 
of USD 40 billion by 2024 [14, 15]. The examples of successful applications are 
varied and motivating: simulation of floods, ground motions due to earthquakes, 
wildfires and hurricanes, around the training, the monitoring, the modeling and 
the early warning [16–28]. The virtual and augmented scenarios, most of the times, 
are developed as smart systems (based on artificial intelligence) to improve situa-
tions prediction [29–34].

Between the various studies the use of smartphones is indispensable. The 
potential and benefits of using AR to access and display disaster data in its geo-
spatial context [35–37] is normally developed through a mobile application, for 
example to determine the best route for evacuation from collapsed or burned areas. 
The Whistland system [38] is an example of retrieving crowdsourced disaster-
related information from real-time Twitter feed for display as an AR overlay to the 
smartphone camera. Mirauda et al. [39] developed a mobile application for con-
necting measurements from hydrological sensors with an integrated forecasting 
model. Fedorov et al. [40] presented a unique approach to utilize computer vision 
techniques to identify mountain silhouettes and compare the extracted information 
to available DEM (digital elevation model) data to provide useful information (e.g., 
peak name, height, lithology, associated risks, etc.).

About AR/VR solutions the best models are those developed for visualizing data 
and analyzing information in-situ in smooth transitions between virtual and aug-
mented environments [41]. Ready et al. [42] presented a virtual reality application 
for HTC Vive that recreates a 3D model of terrain and buildings (geographic context 
in Japan) to interact with various data resources, mainly to access hydrological 
time-series in an easily interpretable way for disaster management. Haynes et al. 
[43] developed a mobile application to visualize potential floods through integra-
tion of real-time recordings (e.g., water level, soil moisture, and humidity), being 
extremely important that stakeholders can observe situations from the application 
and make decisions consistent with what happens in the field. Macchione et al. [44] 
proposed a virtual environment (open-source 3D graphics app, i.e., Blender) to 
recreate an urban environment (e.g., buildings, streams, roads, levees, textures) to 
simulate hydraulic dynamics during different flood scenarios.

3. VR: AR basics

Virtual reality (VR) is a technology with which digital environments can be built 
for the immersion of participants. In these environments, users have the possibility 
of interacting with the environment and with each other in deeply realistic ways 
[45]. The ultimate goal of VR is for participants to experience total immersion and 
prevent, in every way possible, from perceiving stimuli from the outside (real) 
world [45]. However, VR also involves non-immersive and semi-immersive settings 
(i.e., when the experience is in a desktop) [46]. On the other hand, Augmented 
reality (AR) concentrates on the superposition of virtual or digital elements on real 
world scenes. The participants can “view” the real world, but it is composited with 
digital items [47]. AR expands the real-world rather than constructing a virtual one. 
The computer-generated material improves understanding or understanding of 
what is happening in reality [48]. Mixed Reality (MR) is a hybrid technology where 
virtual objects are merged into a 3D- atmosphere or real objects are positioned into 
a virtual creation (Figure 1).
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Another definition of VR is a specific collection of technologies (headset, gloves 
and walker) that allow participants to feel that they belong to a digitally created 
world through high interaction between their senses and the artificial environ-
ment [49–54]. The 3D simulation (width, height, and depth) of a real or made-up 
situation can be experienced visually in real-time motion (or the closest thing to 
this) and supported by sounds and tactile stimulus, or the necessary feedback to 
recreate an integral experience. With VR, users can envisage, operate, and relate 
multifaceted data with surprising ease [55]. Therefore, VR refers to an immersive, 
interactive, multi-sensory, viewer-centered, 3D computer-generated environ-
ment and the combination of technologies required to build such an environment 
[56, 57]. The stereoscopic ambience enables the observer experiences in deeply 
immersing scenes. Exploiting the human brain responses, VR dilutes the boundar-
ies between persons and computers. Because of our ability to see the environment 
three-dimensionally (stereoscopic vision) VR can create right and left eyes images 
of an object or a scene and the observer’s brain integrates these stimuli from the 
presented perspectives to generate a whole sensitivity of a space. The virtuality 
means that an illusion is created about screen objects beyond the information on 2D 
displays in monitors. In VR, as in other technologies (2D-CAD even the 3D version), 
it is tried viewers notice distance and spatial interactions, but more convincingly 
and precisely.

Figure 1. 
Application example for the Federal Electricity Commission in Mexico, the team of engineers works a) in 
a geotechnical laboratory with an application that allows them to learn more about the specimens being 
analyzed, share the results with supervisors (in real time) and generate the log files using the lenses; b) in 
discussing projects in a more immersive way in which all sources of information can be displayed to each team 
member can understand and discuss without bias.
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3.1 Components of VR/AR

An augmented reality system, from a hardware perspective, consists of a 
sensor(s), processor(s), and display(s). AR systems superimpose computer graph-
ics imagery on the real world, and, for this blending, the observer’s positions must 
be known (with extreme precision), stored, and related with the positions and 
geometry of the items that are to be projected on the real environment. From a 
general perspective, it is quite easy to draw the three-dimensional images that you 
want to superimpose on what the user observes in the real world. The task to be 
solved is to fully define a correct perspective while defining as accurately as possible 
the position of the observer’s eye. To offer a truly useful experience, portable and 
easy-to-use optical systems must be considered.

The AR processor coordinates and analyzes sensor inputs, stores, and retrieves 
data, carries out the tasks of the application program, and generates the appropriate 
signals to display. Computing systems for augmented reality can range in complex-
ity from simple handheld devices such as smartphones and tablets to laptops, 
desktop computers, and workstation class machines all the way through powerful 
distributed systems. The scene must be updated smoothly and at a rate that the 
participant in the experience perceives as a constant stream of information. AR 
applications must sustain a frame rate of at least 15—preferably more— frames per 
second for the participant to perceive the display as continuous. Displays that are 
simulating the feel of a solid object must be updated about 1000 times per second 
or else the object will feel “mushy.” To superimpose information (graphics or data) 
stored in a computer (control center) on the actual environment, a device called 
a beam splitter is typically used. This divider does not divide but combines the 
images of the real environment with those placed in the monitor environment. As 
a result, the viewer is presented with a double exposure photograph. Because the 
optics are typically fixed, in AR systems there is only one depth at which both the 
computer-generated imagery and the real-world imagery are in focus. If real-
world and virtual-world scenes are both in focus, it will be easier to perceive them 
simultaneously.

By the other hand, the components necessary for building and experienc-
ing VR are divided into two main components, the hardware and the software 
mechanisms. The hardware components are composed of computer workstation, 
sensory displays, process acceleration cards, tracking system and input devices. The 
workstation is an object (computer or microcomputer) that is intended for techni-
cal or scientific work. These objects are typically used by one person at a time, but 
are connected to a network to facilitate multi-user operations. Sensory screens are 
the artifacts that are responsible for displaying virtual environments. These dis-
plays can be as basic as common computer display units to head-mounted displays 
(HMDs) with headphone mounts for a 3D viewing and audio experience.

When over-the-head (helmet) displays are used, the presentation of the images 
is given right in front of the viewer’s eyes. With the helmet’s sensors (the orienta-
tion ones) the artificial segments are controlled that make the user experience a 
complete virtual environment. In most cases, a set of optical lens and mirrors are 
used to enlarge the view to fill the field of view and to direct the scene to the eyes 
[58]. It is fundamental to have process acceleration cards to update the display with 
new sensory information and the tracking system (mechanical, electromagnetic, 
ultrasonic, and infrared trackers) that follows the position and orientation of a user 
in the virtual environment.

There are also VR software key components: 3D modeling software, 2D graphics 
software, digital sound editing software and VR simulation software. 3D modeling 
software is used in constructing the geometry of the objects in a virtual world and 
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specifies the visual properties of these objects, and 2D graphics software permits to 
manipulate texture to be applied to the objects which enhance their visual details. 
With the digital sound editing software is mixed and edited sounds that objects 
make within the virtual environment and with the VR simulation software the 
components are put together. It is used to program how these objects behave and set 
the rules that the virtual world follows.

In this research is presented a mechanism of Mixed Reality (MR), which 
combines Virtual Reality and Augmented Reality, called also ‘Hybrid Reality’ or 
‘Extended Reality’. MR [59] is understood as a proposal that can be placed anywhere 
between digital environments that belong to complete virtuality up to the absolute 
perception of the real environment. MR works with concepts and objectives of 
AR and VR (Figure 2). The use of helmets or glasses allows the user to enter a 
digital world with all the information that could be useful. The continuity between 
reality and virtuality is the basis for the interaction between objects in the physi-
cal world with items in the virtual world, which will finally be the future of these 
technologies.

4. Application for earthquakes

Modeling objects and the building structure in the virtual world is the first step 
for environment construction. In this research the employed techniques entail 
software for modeling/constructing bi- and three- dimensional objects and back-
grounds. Once the 3D modeling of the objective scene is built, the model brings in 
the VR/AR mechanisms (in this research is used Unity3D-Unreal), in this way the 
static model is converted into a synergistic environment. Based on the experiences 
modeling urban infrastructure, these alternatives are appropriate for metropolis 
projects. Then the virtual contents (movements, gestures, and commands) were 
established. Physics engines were sometimes used to assist the simulation of 
emergencies, i.e., for a building shaking according with the accelerations registered 
during an earthquake, in each virtual room the movements of the room must be 
experienced, but in addition to the objects that could also move and even fall.

Figure 2. 
Reality roadmap according to Intel®, which prefers merged reality to mixed reality; the term “mixed reality” 
has been thrown about a lot as of late but pinning down a precise definition has proven elusive.
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An avatar is used to manage the commands that will make the experience in the 
virtual environment one with dedicated goals. The avatar is the representation of 
the person, and it reflects the response behavior (of him and/or the participants) 
to the stimuli of the virtual world. For an avatar to move and act, a device such as 
a mouse, keyboard, pad, and telephone (in the 2D case) and gamepad and joystick 
(for the 3D offer) is used. The AR phase contains, in addition to the possibilities of 
movements and executing commands, data and information from the real world 
that could be useful for the designed task. Cameras and sensors are widely used and 
combined with the image recognition function of an AR engine. HMDs (glasses) 
provides the ergonomic solution for a virtual environment task using direct vision. 
Users can experience high-level immersion and better react as if they were in the 
real world.

The September 19th, 2017, a M 7.1 earthquake hit Mexico City causing 370 
people were killed, over 6,000 were injured, 230 totally collapsed buildings and 
more than 7 000 small houses were damaged. The situation required the interven-
tion of hundreds of geotechnics and structural specialists to qualify conditions 
and to permit people to return to their homes (Figure 3). Exactly 32 years before 
(Sept 19th, 1985, more than 10,000 deaths, 30,000 destroyed buildings, and 
68,000 injured people) a M8.1 event had showed the fact that the city is built on 
the unstable and sinking ground of a dried-out lakebed and this promoted a better 
geo-zonification of the risk.

In 1985 the functioning of the city was failed for months, the reconstruction 
took years and led many to relocate from the most affected areas to the city’s 
outskirts in search of the safety of the bedrock. The districts affected in 1985 and 
2017 events were quite different and, because of this, the type of damage and the 
technical needs to manage rescue activities were also distinctive. These experiences 
have undoubtedly shown that for designing an efficient post-earthquake relief plan, 
it must be recognized that Mexico City is particularly exposed because of its huge 
population and strategic importance for the country and that this vulnerability has 
grown the last years due to the expansion of the urban settlements in risky areas 
(nodules of extreme poverty), the environmental devastation, the deterioration 

Figure 3. 
The Mexican earthquake from the 19 September 2017 led to significant building damage in the capital Mexico 
City and the states of Morelos and Puebla. The damage data in houses/buildings and soils characteristics 
highlights the correlation between damage drivers that little has been studied or they have not been fully 
understood.
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of life levels, the economic activities concentration that require the transport of 
substances (water, potable and used, gas and hydrocarbons) by underground 
infrastructure, and the growing complexity of transportation process.

Despite the best intentions and the enormous efforts of the governments that 
have attended these emergencies, the situations dangerously evolved and the period 
in which the city was detained, and the population subjected to chaos, spread out 
for months (or even years in 1985) damaging, primarily, the poorer and fragile 
(socially) population centers. Hereby, there is an increasing need for a holistic and 
more efficient natural disaster management.

The application that is explained in the following is VR-AR engine to train and 
to administrate the three phases of this kind of NDM: preparedness, response, 
and recovery. This VR instrument has the capability bridge the gap between 
knowledge and action with the necessary velocity and efficiency when disasters 
happen. Exploiting the scenarios reconstructed, the first-responders, civilians, and 
city-planners can be prepared to work under a series of conditions built in virtual/
augmented-life, expanding the learning and response experiences. The hetero-
geneity of soils properties (and responses), earthquakes damage intensities, and 
the actions effectiveness (professional teams and their capacities) is displayed in 
the digital metropolis based on the results from neural topologies that predict the 
spatial variability of risk components (exposure and vulnerability).

4.1 Pre-emergency preparedness

For the preparation of engineers and specialists to perform i. state declaration 
(for soils and structures), ii. routes recognition (safest and more efficient), and 
iii. Provision of resources, it was necessary to construct specific VR-AR tools. 
The training under real-life conditions goes in two directions: geo-situations and 
structures. Simulations are about first-responders’ reactions for specific scenarios: 
1. extreme vulnerable communities, 2. structural pathologies (residential homes 
and multi-family buildings) and 3. buried infrastructure and 4. soil masses.

The immersive experience of an earthquake (during the shaking and/or imme-
diately after it has happened) is simulated in locations where fragile infrastructure 
coupled with danger zones (susceptible soils). In Figure 4 is shown how is recre-
ated the structural masonry commonly used in poverty nodes in Mexico City. 
The structuration refers to the practice of using masonry, brick, or stone, as mass 
self-supporting. It is one of the oldest building methodologies, and by far the most 
resilient, however when self-construction (the inhabitants develop the structuring 
without the support of engineers or architects) does not follow basic rules for the 
placement of vertical and horizontal reinforcement elements (columns and beams) 
and the mezzanine and ceiling slabs are extremely light (even without steel rein-
forcement), the response of these units to ground movements is very unfavorable.

The VR-AR tool (principally the VR box) drives the user to detect first the kind 
of cracks, fissures or other pathologies presents in a house and to relate them with a 
classifying guide (Figure 5). After this, the observer must look for overgrown trees 
and shrubs, cracked drains, leaking rainwater goods, as some of the things that may 
lead to structural problems but that are not related to the seismic inputs.

Part of this investigation, but still in a preliminary stage, is the issue of the entry 
and exit routes of the emergency teams. The evacuation of threatened communi-
ties and assistance to those potentially blocked by the effects of an earthquake is a 
complex and vital issue. Transportation system is conceived as the role that sustain 
the economic and social well-being of the communities so disaster or extreme 
hazard such as earthquake has a major impact on the resilience of the communities. 
In Mexico City suburbs, road infrastructure is linked to many factors such as users, 



107

Intelligent VR-AR for Natural Disasters Management
DOI: http://dx.doi.org/10.5772/intechopen.99337

climate, economic level, material, topography, and periodic maintenance, there-
fore, part of the real-time analysis for the planning of entry and exit routes must 
be the superposition of layers on information from massive sources (traffic control 
systems) and the spatial variation of these susceptibilities. A comprehensive review 
of social infrastructure (hospitals, schools, recreation centers, markets, department 
stores, fire and police stations, etc.) must be done to detect temporal routes options 
as part of the adaptive routing solution.

4.2 Response during the emergency

The Response during Emergency refers to the actions that people may take, in 
the case of earthquakes, immediately after the ground movement has ended. The 
emergency period, when the events are extreme, can be extended depending on the 
size of the heavily damaged areas or in which the collapses have occurred in public 
places with large concentrations of people. The AR box was developed to assist tech-
nical crews which are organized according to the risk levels at each site. The entrance 
to housing units is categorized according to their structure and size: types of walls, 
types of columns, types of slabs, types of foundations and, on the other hand, single-
family houses, multi-family houses, light and small buildings, large buildings.

In this stage of NDM, the personal is in real danger so it is mandatory that they 
have a support outside the damaged site: an automated or human control center. 
The superposition of information about the structures and materials permits rescue 
teams to take immediately decisions about evacuations or calls for additional help 

Figure 4. 
A training room: after an earthquake M8, subduction zone, site Lake zone, failure conditions for a concrete 
frame system (1 floor). Analyzing cracks in walls and columns the user is being trained to correct classify the 
damage level after an extreme earthquake.



Augmented Reality and Its Application

108

(Figure 6). Also, it is important that the field teams are provided with a dedicated 
storage for the found conditions. Once the in-situ situations are loaded, they are 
integrated to a set for specific analysis (feed forward neural network) that defines 
the risk level and spatially categorize the geographical situation. In this way, state 
maps are built in real time. Additional maps can be displayed using the stored infor-
mation, for example by factor, by action demanded (posterior attention, evacua-
tion, or human rescue) and by supply (call for requirement of special equipment/
machines or other inspection/rescue teams) (Figure 7).

In addition, there is a section of AR toolbox that is exclusively dedicated to the 
attention of leaks. Water and gas, the latter considered a priority due to the second-
ary effect of the explosions, are attended by specialized professionals that work in 
accordance with specific regulated policies (Figure 8).

In some zones of the metropolis the vulnerability of the soils to the arrival of 
seismic waves is very high. The most superficial layers in these areas suffer cracking 
and subsidence processes among the most alarming scales in the world (Figure 9). 
The periods of drought and torrential rains aggravate the susceptibility to the 
collapse/cracking. This situation maintains small buildings and buried facilities in 
a very susceptible state, making them prone to be more affected when an extreme 
earthquake hit. The coincidence between construction deficiencies (poor technical 
conceptions) and degradation of materials (highly deformed, cracked and collapsed 
soils), when the seismic waves arrive, constitutes a challenging scenario.

Figure 5. 
A training room: after an earthquake M8, a sinkhole has formed, and it is necessary to determine the 
sources that erode/dissolve as well as call the specific help team. The repair conditions are stored in the event 
DataMart.
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Figure 6. 
Immediately after the earthquake has ended, the trained teams go out into the field and begin to verify the 
conditions through the lenses that are communicated with the control room, a) since street, an engineer is 
checking a multi-level building that has lost the walls on one side of its perimeter, b) inside a 1-story house, a 
user checks the cracking, catalogs it and stores it.

Figure 7. 
Example of the integral maps: peak ground accelerations PGA superposed on the number of damaged houses  
(1 to 3 floors) -red circles- in a small region of the Mayor’s Office of Tláhuac, southeast of Mexico City.
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Figure 9. 
In the southeastern of Mexico City, where the poorest neighborhoods of the metropolis are concentrated, during 
the 2017 earthquake manifestations such as cracks, subsidence and collapses (steps) in the most superficial 
soils were exacerbated. This had the effect of the uninhabitability of thousands of homes. Since then, the city 
government undertook one of the largest reconstruction campaigns in the modern history of the city.

Figure 8. 
The status review of the pipelines that transport dangerous substances (in this case gas) is essential to qualify the 
inhabited regions as safe. The application created for one of the largest companies in the country is shown. The 
user has the information about the arrangements in the field as well as the readings that must be verified on  
the special monitors. At all times, the user can be assisted by his human colleagues in the control room.
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The toolbox for geotechnical engineers, intend to train them to detect aspects 
about differential subsidence, sudden deformations, and sinkholes. In the immedi-
ate aftermath of a major earthquake, they must also learn to catalog an additional 
symptom of deterioration: cracks and fissures in natural masses. This is particularly 
important as damage to build units can develop days after the seismic event if the 
openings in the soils and rocks are not properly treated (Figure 10). The registered 
details are stored and sent to the control center where are analyzed with a CART 
(classification tree) to determine if the site is on the “zero set” (cases where their 
conditions are on the top of risk levels and demands immediate actions).

The machine learning analysis is based in layers of Geo-descriptors that permits 
to qualify the susceptibility to sink-fracture in specific Mexico City regions. With 
the analysis of 6 variables (Geo-position, Soil heterogeneity, Groundwater Level, 
Urban loads, Type of foundations, Use of nearby streets) a CART (Figure 11) 
determines the relative influence of each one on the cracks’ development and 
relates present conditions to a risk level. The user of the tool can request from the 
control center the result of the evaluation with CART so that he, when faced with 
any doubt about the state of the soils, can make a decision and qualify the situation. 

Figure 10. 
The vision of the user in the field is shown, a) in the Tláhuac area, in a serious crack, he observes the information 
on geotechnical zoning, b) check, in one of the most damaged areas, the repair of the drainage ducts, observes the 
optimal filling conditions according to the regional sinking map c) at site, where a leak and step deformation are 
present, infers which is the damaged section and record it in the application to call a specialized team.
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For example, let us examine a site in the southern poor, and very susceptible to 
cracking, region in the metropolis. In Figure 12 the user’s vision when entering the 
site is shown. The characteristics of the breaks that must be recorded are geometry, 
materials (under consideration of soil evaluation according to the SUCS unified soil 
classification system), relative movement between the flanks of the crack/ step/
subsidence, among others. When the user asks for the CART response for this site, 
the geotechnical information (boreholes) that the AR-tool finds near the site is first 
shown and then the evaluation is presented with a disaggregated description of the 
factors that lead to that level of susceptibility. In the case exposed, the presence of 
a non-continuous thin layer of semi-rigid material embedded in the plastic clay, its 
proximity to the battery of water pumping wells (operating at relatively shallow 
depths) and the shape and depth of the rigid base, are the conditions that drives to 
the site to a high susceptibility to crack.

4.3 Recovery post-emergency

When the conditions of habitability and urban services have begun the path 
towards normalization, government administrators and practitioners (particularly 
engineers dedicated to the generation of infrastructure) should consolidate the 

Figure 11. 
CART for conclude about the susceptibility to crack. The model uses (a) information from maps of geo and 
anthropic properties and (b) survey of field damage. This tool (c) permits the user to qualify the susceptibility 
of a site to the development of a crack. (d).



113

Intelligent VR-AR for Natural Disasters Management
DOI: http://dx.doi.org/10.5772/intechopen.99337

assistance programs (repair of minor damages in houses and buildings as well as 
attention to water pipelines) and larger-scale plans for the correction of structures 
that are considered not to follow what is established in the code or that require the 
application of complex engineering solutions (structural reinforcement, total or 
partial demolitions, complex restoration, control of settlements (fill), repair of 
sinkholes, etc.).

In this case the teams (engineers, designers, government, and urban planners) 
are provided with integral tools to evaluate causes-effects and directly determine 
how many resources the city and community needs to correct the risk situations and 
how to improve its resilience for future, which is one of the most effective long-term 
strategies. These virtual collaborative immersive spaces allow different experts from 
all over the instances to work together in the same virtual environment, creating 
enhanced and coordinated solutions. Resilience, poverty, security, among others, are 
social aspects that are presented in maps in superposition on the kind of damages and 
necessities of reparation. In this way the decisions about resources can be developed 
on a solidarity base that prioritizes the needs of the most marginalized communities. 
An additional aspect, very important for the NDM, is that one of the layers shown is 
the prediction of accelerations in the different geotechnical zones of the city when 
certain earthquakes attack the metropolis. With these interpretations and the effects, 
routes can be drawn for the adaptation of services and infrastructure to anticipate the 
potential scenarios of shutdown of functions in the event of a mega earthquake.

5. Conclusions

For gathering a more organic, equal, and inclusive world with no one left 
behind, there is an urgent need to transform the current unsustainable interactions 

Figure 12. 
Conditions at the entrance of a trench found under a foundation (3 floor house). The case is studied with the 
AR tool because of a call after finding a deep crack. The user of AR can measure the geometry and send/store 
this data. It also has information from nearby geotechnical surveys that help him interpret what observes. The 
videos of what happens are recorded for later analysis.
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within social ecological systems. The role of emerging technologies in achieving 
harmonious interactions is crucial. The tools presented in this investigation show 
how they can be used to enhance resilience to environmental disruptions, particu-
larly earthquakes threat. It has been showed how Artificial Intelligence, VR and 
AR can improve natural disaster management closing the gap between knowledge 
and action.

VR-AR technology provides visual simulations to create a vivid first-person expe-
rience. Temporal, spatial, and social differences are lowered by immersing people into 
a certain location or experience. This immersion can be exploited in the three phases 
of NDM: preparedness, response, and recovery. Artificial Intelligence + VR-AR is an 
innovative addition to NDM as it provides a non-destructive and safe technique to 
recreate natural disasters. The simulation of future conditions using the parametric 
relationships found by NN improves the understanding of what kind of damage is 
caused, how to better prepare, and shows the possible ways to recovery.

NDM undoubtedly benefits from the adoption of VR-AR technologies. These 
tools are most advantageous and attractive when data, models and strategies are 
included from all possible sources involved in preparing for, responding to, and 
recovering from the effects of a natural phenomenon. The integration of geological, 
seismic, geotechnical, urban, service, social data, to name a few, in an interchange-
able and visually stimulating format, directly impacts the effectiveness, cost and 
execution time of activities related to each stage of a NDM project. The proposal 
presented in this document was used as a prototype by some teams during the 2017 
earthquake and showed its great potential to create routes that increased productiv-
ity and promoted more agile and socially supportive decision-making processes, 
reducing duplication of work and some traditional activities prone to big mistakes.

The requirement derived from the collaboration between actors from different 
branches of knowledge (from scientists, technologists, engineers, administra-
tors, politicians to representatives of civil society) when an earthquake occurs in 
a large metropolis, and especially if it is of enormous complexity such as Mexico 
City, will increasingly force the use of tools that allow raising quality in i) training 
in predicted scenarios on responses of soils and rocks interacting with buildings 
and buried infrastructure, ii) the conceptualization of risk management and the 
monitoring of activities that affect the resilience of the most vulnerable popula-
tions and iii) the interpretations of behaviors, relationships, patterns and models 
with intelligent tools that allow exploring a multiparametric, highly dimensional, 
extremely complex natural/anthropic universe.

The aspect of absolute and partial immersion, the congruent and integral 
intelligent modeling, the exploration of the programming and the risk management 
tools, as well as the interoperability, interactions and exchanges between the actors 
that generate huge amounts of data in all types and formats, without a doubt, it is a 
monumental challenge not only to the exercise of those who are in charge of NDM 
but to the adjustments to the analytical and mental connections, with which we 
have historically directed the responses to the demands of emergency situations, 
however the recent experience has shown that the application is effective and 
promising.
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Chapter 7

Advances in Spatially Faithful 
(3D) Telepresence
Seppo Valli, Mika Hakkarainen and Pekka Siltanen

Abstract

Benefits of AR technologies have been well proven in collaborative industrial 
applications, for example in remote maintenance and consultancy. Benefits 
may also be high in telepresence applications, where virtual and mixed reality 
(nowadays often referred as extended reality, XR) technologies are used for shar-
ing information or objects over network. Since the 90’s, technical enablers for 
advanced telepresence solutions have developed considerably. At the same time, the 
importance of remote technologies has grown immensely due to general disruption 
of work, demands for reducing travelling and CO2, and the need for preventing 
pandemics. An advanced 3D telepresence solution benefits from using XR technolo-
gies. Particularly interesting are solutions based on HMD or glasses type of near-
eye-displays (NED). However, as AR/VR glasses supporting natural occlusions and 
accommodation are still missing from the market, a good alternative is to use screen 
displays in new ways, better supporting e.g. virtual meeting geometries and other 
important cues for 3D perception. In this article, researchers Seppo Valli, Mika 
Hakkarainen, and Pekka Siltanen from VTT Technical Research Centre of Finland 
describe the status, challenges, and opportunities in both glasses and screen based 
3D telepresence. The writers also specify an affordable screen based solution with 
improved immersiveness, naturalness, and efficiency, enhanced by applying XR 
technologies.

Keywords: 3D telepresence, spatial faithfulness, remote interaction, XR technologies, 
AR/VR glasses

1. Introduction

This article compiles lessons learned by the writers from more than a decade of 
telepresence related research. The article is a review by nature, but due to the num-
ber of the described topics, the presentation is not tutorial in all parts, but relies 
on prior knowledge by its readers, and/or their interest to learn more e.g. from the 
given references. Based on the reviewed status and enablers, the writers reason and 
define a practical and affordable 3D telepresence solution based on screen displays. 
In this solution, efficient 3D capture and low bitrate streaming is an important 
enabler both for communication and XR functionalities. Essentially the same 
technical solutions can also be used for remote support applications in industry, e.g. 
for 3D monitoring, maintenance, control, analysis, and augmentation.

The outline of the paper is as follows. In Chapter 2, we introduce the 3D telepres-
ence topic, describe main factors of spatial faithfulness, and give few examples of 
existing approaches. Several of the references are to our own patent publications, 
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which have not been published as papers. Chapter focus is in the requirements and 
challenges of supporting 3D geometries and perception, as perceived in real-world 
encounters (face-to-face).

In the future, glasses type of displays will likely be the best to support immer-
sion, mobility and freedom of viewpoint. However, still today, glasses are still 
lacking many important properties, and have many defects limiting perceived qual-
ity, time of use, and user acceptance. At the same time, using screen displays is the 
most common way of supporting visual interaction in teleconferencing solutions. 
Correspondingly, we wanted to find out whether a simple screen-based telepres-
ence solution could support 3D perception and XR functionalities with improved 
naturalness, quality, and usability. The answer seems to be positive, and in Chapter 
3, we give a draft specification for such a system.

An important enabler both for communication and AR functionalities is effi-
cient 3D capture and streaming. Further, in Chapter 3, an implementation applying 
existing coding methods is described together with some simulation results. Despite 
our demarcation to screen based solutions, we also discuss the possibilities and 
future of glasses based approaches. In Chapter 4, we describe ways of enhancing 
3D perception and XR functionalities of the basic solution. Future improvements 
may include also supporting natural eye-focus by accommodative displays. Finally, 
Chapter 5 summarizes our findings.

2. Basics and examples of spatially faithful telepresence solutions

2.1 Spatial faithfulness supports naturalness in perception

3D telepresence solutions aim to support natural perception in 3D – sc. spatial 
faithfulness – better than video conferencing systems [1]. Basic problem in video-
conferencing systems is the lack of support for eye contact [2]. In flat screen based 
solutions, it stems for example from the displacement or offset between a display 
(showing a counterparty’s face) and camera (counterparty’s eyes) of a videocon-
ferencing terminal. Note, that although eye contact is one of the early goals for 3D 
telepresence solutions, it is still not supported in most of the existing telepresence 
systems.

Hydra system (Figure 1) is an early approach for supporting spatial faithfulness 
in telepresence [3, 4]. With a mesh of connections and a separate (proxy) terminal 
for each remote counterpart, it aims to support virtual lines-of-sight between par-
ticipants. With small displays and small camera-display offset(s), participants are 

Figure 1. 
a) VTT idea for a Hydra system using tablets for a communication space and a computer display for a 
collaboration space, b) corresponding connections between cameras and displays, c) practical implementation 
showing all contents on one display (cameras on top corners are indicated by red circles) [3].
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able to get an approximate eye contact with each remote participant, and in certain 
conditions, even have a shared understanding of each other’s relative positions.

Note that perceiving eye contact does not mean full gaze awareness, i.e. under-
standing of also other, intermediate eye directions. In a traditional Hydra system, 
terminals for each remote party can be placed independently by each local partici-
pant, which easily results with inconsistent meeting geometries across meeting 
sites, and thus also inconsistent positions and eye directions of the parties.

Note that in principle, any position of displays can support virtual lines-of-sight 
between participants. The situation can be compared to private house residents 
seeing their neighbors through windows, which, however, is the more unlikely the 
more of neighbors like to communicate with each other.

The easiest solution unifying a virtual meeting geometry between participants is 
to position proxy terminals in the same relative order into vertices of an equilateral 
polygon (e.g. a triangle, square, pentagon, hexagon, etc.). This naturally restricts 
the seating of participants more than in a face-to-face meeting.

A more recent screen based solution is Viewport by Zhang et.al [5]. In the 
Viewport system, high-quality 3D models are formed for each user in real time, and 
extracted and embedded into a common virtual geometry. Using 3D models enables 
correcting camera-display offset, and supporting depth perception by stereoscopy. 
The system supports eye contact between three sites, with one user at each site. In 
particular, limiting the number of sites into only few is a factor limiting the usabil-
ity of corresponding solutions.

Natural perception of depth and distances belongs to the factors of spatial faith-
fulness. Note that this is not possible using 2D displays lacking depth, and strictly 
speaking not even with stereoscopic 3D (S3D) displays, whether multiplexed, polar-
ized, or autostereoscopic, due to their incapability to support natural focus/accom-
modation (suffering from the sc. vergence-accommodation conflict, VAC [6]).

2.1.1 Advances by XR technologies and computer games

Note that spatial faithfulness is an inherent requirement in XR visualization, 
which aims at replacing, in a seamless way, parts of a physical view with virtual ele-
ments (or vice versa). XR visualization can as well be used for rendering models (cf. 
avatars) or visual reconstructions of human participants into a participant’s view. 
Correspondingly, for more than two decades, developing enablers for XR has also 
advanced 3D telepresence solutions. These enablers include e.g. sensors for 3D cap-
ture, coding and streaming methods, low latency networks, tracking and detection 
for XR, camera and user positioning, motion capture and tracking methods, new 
display technologies, and general advances in algorithms and processing power.

In the same way, developing game technologies has advanced 3D telepresence 
solutions based on virtual modeling and rendering, here denoted as Virtual World 
(VW) approaches. Traditionally, in VW approaches, visual content has been 
modeled/produced in advance, and rendering of the content is based on real-time 
transfer of parameters for viewpoint and object positions, dynamic 3D shapes and 
poses (animation), etc. Although VW approaches are rather common and have 
their specific benefits, their description is omitted in our presentation, focusing on 
rendering of photorealistic real-time captures. This focus is reasoned in more detail 
in Chapter 2.5.

A recent example of a photorealistic telepresence solution based on advanced 
3D displays is Google Project Starline (https://blog.google/technology/research/
project-starline/). A good example of a 3D telepresence system based on AR/VR  
(XR) visualization is MS Holoportation [7] (cf. https://www.youtube.com/
watch?v=7d59O6cfaM0). Both of them are quite impressive but obviously also 
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complicated and costly. In this article, we aim to define a more economical solu-
tion with good sides of both photorealism and XR visualization. Note that even 
a lone talking head on a screen - whether camera captured or 3D modeled - may 
well be a value-adding functionality. Communication and attractiveness may 
namely be supported by using e.g. a speech-controlled, look alike or anonymous 
virtual head (cf. https://remoteface.ai/ and a video at: https://www.youtube.com/
watch?v=prpPqwV5Weo).

2.2 Remarks on mobility and serving with viewpoints

In above, Hydra system was described as an early attempt towards spatially 
faithful 3D telepresence. Using such full-mesh approach, and by making restrict-
ing assumptions on participant positions (“seating order”), all participants may 
perceive eye directions and participant positions consistently, however, apart from 
solving the disturbing camera-display offset. Furthermore, a regular setup with 
fixed camera and display positions naturally limits the mobility of participants 
within their meeting sites.

Note, that although a participant position is fixed, a whole meeting room with 
its occupant may move virtually. In [8], a solution is described for compiling 
captures of regular sensor and display setups into a landscape, enabling participants 
to mingle together with their meeting spaces within each other, like people in a 
cocktail party (Figure 2). For example, a capture setup in a square or hexagonal 
formation can be used. Writers of this paper are however not aware if someone has 
implemented and tested such arrangement.

Let us consider a Hydra setup a little bit further. If a Hydra system with all its 
terminals was in one large hall or open space, a participant is able to switch (walk) 
between different sites and perceive spatial faithfulness in each of them separately, 
i.e. participant mobility is supported in discrete locations.

User mobility may be supported in principle at any viewpoint when using 
near-eye glasses (NEDs) for viewing. Limitations set by fixed camera positions can 
be relieved using a setup of multiple 3D sensors, or multiple cameras in an array. 
For the latter, solutions based on wall-mounted camera arrays or moving cameras 
are described in [9, 10], correspondingly. Arbitrary viewpoints can be supported to 
remote spaces, provided that complete and real-time enough 3D reconstructions of 
those spaces are available, or that one of the multiple cameras provides the view-
point along a desired line-of-sight (Figure 3).

For serving viewpoints from varying positions, i.e. receiving viewpoints on-
demand, the system needs to deliver participant positions between sites in unified 
coordinates (a unified geometry). Renderings of remote participants need to be 

Figure 2. 
Fixed capture setups can support collaboration in dynamic 2D landscapes: a) capture setup in hexagonal grid, 
b) captures arranged into a tessellated landscape, enabling c) moving with user spaces like people in a cocktail 
party [8] (image c) is creative commons image by Lucas Maystre from Renens, Switzerland - 053/365: Apéro 
au forum).
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compiled in each participant view correspondingly. A viewer’s head orientation 
needs to be detected and tracked to serve him/her with a correct part (frustum) of 
the compiled scene.

The writers have disclosed several inventions using the above described 
approach [8–10]. Note that instead of delivering visual information as large and 
bitrate consuming 3D volumes, a visual stream may be a video, a stereoscopic 
video, or a video-plus-depth stream (V + D, [11]) allowing forming a stereo-
scopic video. When using the viewpoint-on-demand approach in this way, the 
bitrate requirement may be much lower than when streaming 3D volume data. 
Note that Chapter 2.4 will describe the viewpoint-on-demand approach in 
more detail.

As a summary, spatially faithful telepresence solutions aim to support real-
world-like geometries among participants. However, as will be explained in Chapter 
3.2, both virtual and photorealistic approaches may be feasible even without such 
support, and even much easier. For example, perception of depth and motion paral-
lax can be supported without forming and maintaining perfectly unified virtual 
meeting geometries.

2.3 Transmitting and displaying volume videos (3D streams)

Ideally, 3D reconstructions are coded, delivered and displayed as real-time 3D 
streams. However, this is very challenging e.g. due to high computation power, 
and very high bitrate it requires. The benefits of volume videos include more free-
dom in choosing one’ viewpoint (cf. motion parallax and alternative viewpoints) 
and support for multiple local viewers. However, both capturing participant 
spaces and supporting viewing with glasses bring considerable complexity to this 
approach.

Viewing from various viewpoints may be supported also using multi-view 
streaming and display methods. However, without capture and delivery of user 
positions (cf. knowledge of a mutual meeting geometry), users need to choose 
their position accurately among a priori specified locations e.g. in order to perceive 
correct eye contact(s). Several approaches are using this approach, although sim-
plified by reducing the volume being supported. Multi-view video coding methods 
and standards are available and applicable for this [12], but more advanced (real-
time) 3D coding method are still under development e.g. by MPEG. Special 3D 
displays are already available, supporting different 3D viewpoints for multiple 
local viewers.

In the future, by advances in transmission and display (e.g. using light fields), 
real-time streaming and display of 3D volumes becomes more feasible. An apparent 
benefit of these solutions is that simultaneous viewers can see the 3D content from 
their individual viewpoints, like in the real world.

Figure 3. 
Idea of bringing real-world meeting sites into a common geometry: a) three sites with users (dots) captured 
by RGB-D cameras in local coordinates, b) lines-of-sight between users in a unified coordinate system, and c) 
supporting lines-of-sights (new viewpoints) for a moving participant.
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2.4   Viewpoint-on-demand – simplifying spatially faithful solutions in low 
latency network

5G seems to provide enough bitrate with low latency for future 3D telepresence 
services. According to Ronan McLaughlin (Ericsson, Ltd.), the 5G system design 
parameters specify a system capable of delivering an enhanced mobile broadband 
(eMBB) experience, in which users should experience a minimum of 50–100 Mbps 
everywhere, and see peak speeds greater than 10 Gbps, with a service latency of less 
than 1 ms, while moving at more than 300 miles/h! (https://broadbandlibrary.com/
?s=5G+Low+Latency+Requirements).

Spatial faithfulness requires a shared geometry between meeting participants. 
In order to form and maintain such geometry, user positions need to be detected, 
tracked, and delivered at each moment. In addition, defined by the geometry, 3D 
data from several remote sites needs to be streamed to each local viewer, and com-
piled in a unified 3D representation. If each of the 3D captures is a full reconstruc-
tion of the corresponding 3D space, the overall bitrate requirement for rendering 
each view becomes huge. This may be even too much for the emerging 5G network 
(or at least costly). In addition to high bitrate, a very important potential of 5G 
network is its low latency (cf. the above figures by Ronan McLaughlin).

Most of the existing approaches for 3D telepresence are aiming to capture, 
encode and stream visual data of at least partial 3D volumes, which then can be 
seen from various viewpoints in the receiver. However, a person is able to see only 
from one (binocular) viewpoint at a time, which means that at each moment, 
there is need to see only one projection to a 3D volume. Assuming that a viewer’s 
motions are moderate, and that a low latency network like 5G is available for 
data streaming, the complexity of a 3D telepresence system can be considerably 
reduced by streaming only video-plus-depth (V + D) projections from tracked 
viewpoints. Valli and Siltanen have made several telepresence inventions using this 
sc. viewpoint-on-demand (VoD) approach [8–10]. In particular, applying aug-
mented reality to 3D telepresence is described in inventions [13, 14]. Note that an 
example of our recent 3D streaming implementation is given later in Chapter 3.4, 
and using the solution for supporting XR functionalities is described in more detail 
in Chapter 4.

Note that synthesizing viewpoints e.g. for supporting motion parallax and 
correcting camera offset for eye contact may be possible without ordering new 
data and experiencing a corresponding two-way delay as a result. An obvious 
way of reducing the need for delivering data for new viewpoint is to use multiple-
viewpoint video coding instead of video-plus-depth (V + D) data [15]. This allows 
more freedom for viewpoint changes within the received stream. For examples 
of reducing viewpoint orders, see also several inventions by Valli and Siltanen on 
synthesizing stereoscopic or accommodative (MFP) content for small viewpoint 
changes [16, 17].

2.5 Photorealistic vs. virtual world (VW) approaches

Note that serving with arbitrary viewpoints may be easier in VW approaches, 
where virtual camera views are formed to a shared virtual meeting space (VW), 
using the knowledge of each viewer’s pose (tracked by VR glasses, or defined by a 
participant e.g. by a mouse). However, virtual environments with animated avatars 
are less natural, and may even alienate a participant by causing the sc. uncanny 
valley effect. On the other hand, using modeled avatars for participants provides 
the possibility for their anonymity or role-play, which is an obvious benefit in some 
use cases and services.
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Using a virtual world approach is a viable option used by several service 
vendors (see e.g. references in https://en.wikipedia.org/wiki/Virtual_world). In 
VW approaches, meeting spaces are typically modeled in advance, and as much 
as possible, also delivered to the participants in advance. Coding and delivering 
corresponding 3D information may be based e.g. on hierarchical volume coding 
methods like OctoMap by Hornung et al. [18]. Despite partly in-advance delivery 
for the meeting space, a lot of accurate motion and animation parameters remain 
to be delivered, and graphical processing to be made for local renderings (e.g. for 
forming viewing frustums). As a result, although possibly lighter than photorealis-
tic approaches, VW approaches are by far not simple either.

In a photorealistic approach, capturing, forming, and delivering reconstructions 
of 3D volumes and human participants is more challenging, although the meeting 
spaces can likely be modeled in advance. Once formed, 3D reconstructions can be 
viewed like in VW approaches, using NEDs or HMDs. Naturally, hybrid solutions 
combining photorealistic and VW approaches are also possible. For example, 3D 
modeled environments may be used instead of captured meeting spaces, and XR 
functionalities can be used for augmenting avatars.

Figure 4 (cropped screenshots of YouTube videos by the courtesy of Oliver 
Kerylos) gives examples of hybrid (XR) approaches, showing real-time captured 
participants in 3D modeled meeting spaces.

As seen in Figure 4, a particular challenge in this approach is that a glasses 
display covers a person’s face, which prevents a viewer from seeing his face and 
perceiving eye contact. Solutions for this have however since been described in 
literature, based on real-time manipulation of facial areas [19].

As a short summary, main approaches for 3D telepresence can be classified into 
the following four classes (Table 1).

Note that the quadrants of the table correspond to the classical reality-virtuality 
continuum by Milgram and Kishino [20]. Current videoconferencing and Virtual 
World approaches correspond to the real and virtual ends of this continuum, and 
hybrid approaches respectively to intermediate positions labeled as augmented real-
ity (AR) and augmented virtuality (AV). Note that in parallel to the commonly used 
term “Mixed Reality” (MR), also the term “Hybrid Reality” (HR) was discussed in 
[20]. Recently the term “Extended Reality” (XR) has gained popularity much in the 
same meaning.

In an augmented reality (AR) approach, a virtual avatar is representing each 
remote participant in a local environment. This requires capturing a remote 
participant’s facial and body gestures and animating the avatar correspond-
ingly. Respectively, in an augmented virtuality (AV) approach, photorealistic 3D 
captures of participants are made and delivered in real-time to a virtual meeting 
space (VW).

Figure 4. 
Examples of XR approaches: a) person capture in a virtual space (2014), b) interaction in virtual 
space (2016), c) XR collaboration in virtual space (2012). (see https://www.youtube.com/channel/
UCj_UmpoD8Ph_EcyN_xEXrUQ ).
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In our case, hybrid approaches are particularly interesting. Compared to local 
(traditional) XR visualizations, combining real and virtual elements over distances 
(i.e. remote XR) causes particular challenges. These are discussed in more detail 
later in Chapter 2.7 and 4.1.

2.6 About using glasses and screen displays

AR/VR glasses or head-mounted displays (HMD) – together referred to as near-
eye displays (NED) – can in principle support full (sc. 6DoF) freedom in choosing 
ones viewpoint to the displayed 3D content. Naturally, this requires also enough 
physical space, and precise tracking of user’s motion and orientation (sc. pose).

HMDs (VR glasses) are well accepted for playing immersive and interactive 
computer games, and are commonly used when using VW-based telepresence and 
online platforms. However, they are still challenged by resolution, weight, and lack 
of support for natural focus (accommodation), causing discomfort and nausea 
when viewing stereoscopic content [6, 21, 22].

Optical see-through (OST) AR glasses (cf. MS HoloLens) have succeeded best 
in XR applications, but in addition to sharing the above challenges of HMDs, 
they are lacking natural occlusions, e.g. the ability to block a real background by 
augmentations, which makes AR objects to appear translucent. When augmenting 
natural views with 3D objects or other visual elements, closer objects should in 
general occlude those further away. Real and virtual objects may be in any order, 
meaning that foreground objects need to occlude the background whether they are 

Table 1. 
Main approaches for 3D telepresence.
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real-world captures or virtual renderings [23]. These sc. mutual occlusions are espe-
cially difficult to support by optical-see-through (OST) glasses - like MS HoloLens.

In telepresence use, a serious drawback of both HMDs and OST AR glasses is 
that they block their user’s face, which makes it difficult to see a participant’s facial 
features and eye-directions, either when animating an avatar in virtual approaches, 
or when viewing photorealistic captures. Correspondingly, although advanced 
considerably in recent years, NEDs are not yet good enough to be generally accepted 
and applied to 3D telepresence.

On the other hand, screen displays have developed by size, accuracy, and econ-
omy. While usually seen from some distance, they are e.g. less prone for perceiving 
VAC in stereoscopic viewing. Naturally, they restrict choosing ones viewpoints, and 
in XR, make it about impossible to mix remote and local content naturally in depth 
dimension (except when mirroring a local environment with augmentations). In 
short, screen displays are less immersive, but more easy to view than NEDs.

While the size and accuracy of screen displays is growing, and the distance of 
viewing them is reducing, supporting accommodation may become necessary also 
with screen displays. However, existing external accommodative displays support 
viewing either from very fixed viewpoints, or suffer from other severe limitations in 
rendering (cf. lack of colors, brightness and occlusions when using e.g. holographic 
volume displays).

2.7 About XR and its role in 3D telepresence

Spatial faithfulness is an inherent requirement in XR visualization, which aims 
at replacing, in a seamless way, parts of a physical view with virtual elements. XR 
visualization can as well be used for rendering 3D models (cf. avatars) or visual 
reconstructions of human participants into a participant’s view. Correspondingly, 
for more than two decades, developing enablers for XR has correspondingly 
advanced also 3D telepresence solutions. VTT has made a lot of research in 
these topics, and examples of results can be found e.g. at web (http://virtual.
vtt.fi/virtual/proj2/multimedia/) and in YouTube (www.youtube.com/user/
VTTAugmentedReality).

VTT made also an early implementation of MR telepresence (MR Conferencing) 
in 2008–2009 [24]. The implementation supported participation to telepresence 
sessions using normal videoconferencing terminals and screens, and a VR space 
(SecondLife) with avatars. Registration of avatars to a real space used visual mark-
ers, which at that time was the main approach in AR visualization. Note that today’s 
MR telepresence implementations do not necessarily differ too much from the VTT 
example, except using feature based tracking instead of markers (Figure 5).

Traditionally, making 3D captures at the target location (“on the spot”) has 
been the only way to support precisely either positioning or viewing AR content in 
the location. By precisely, we mean that AR content can be bound to both shapes 
and textures (i.e. to precise visual context). This has meant making 3D capture 
and reconstruction locally, as an offline and in-advance process. Correspondingly, 
remote production and positioning of XR objects - without knowledge of local 
visual context - has been based on: 1) assumed textures (e.g. on known/assumed 
markers/pictures/objects/color patterns), 2) locally scanned shapes when display-
ing (e.g. physical delimiters like floor and wall panes), or 3) actions by the viewer 
(e.g. positioning of avatars and talking heads for communication).

However, tele interaction and XR applications can be supported better if 3D 
capture for making augmentations is enabled also from remote and more in real-time. 
This is possible by using efficient 3D capture, coding and streaming methods. The 
importance of efficient and high quality 3D streaming and interaction is growing fast 
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due to the transformation towards distributed industrial processes, and having at the 
same time needs for reducing physical travels. Writers of this paper have got success-
ful results in applying standard coding methods into real-time streaming of video-
plus-depth data from RGB-D sensors (including means of supporting high enough 
pixel dynamics for the depth sensor data). These are presented later in Chapter 3.4.

As a natural trend in 3D telepresence implementations, there is a need for 
increasing accuracy (pixel dynamics) and resolution in 3D reconstruction. 
Following the progress in industrial applications, Lidar sensors are likely to become 
also into use in telepresence solutions. In addition to now common point cloud 
coding and transmission (e.g. using octrees [18]), this will likely require new coding 
methods which – in addition or instead of point clouds – support efficiently real-
time transmission and visualization of high-quality surfaces and color textures (cf. 
approaches used with RGB-D sensors).

2.8 Focus of the research and the rest of our paper

Most of existing telepresence solutions are either photorealistic or virtual, i.e. 
fall into the first and fourth quadrants in Table 1. Hybrid approaches mix real and 
virtual components (for either participants or spaces) meaning that they are XR 
approaches (cf. discussion in Chapter 2.5). Note that in telepresence, augmenting 
remote participants, spaces or objects occurs over network, meaning that it is about 
remote XR (cf. Chapter 2.7), which requires delivering more position and 3D data 
than in traditional AR, both for augmentation and viewing.

Further, although augmented content can be viewed also on fixed or mobile 
screens, the best and most immersive way of viewing 3D augmentations is by using AR 
glasses. Correspondingly, accurate tracking is needed both for positioning augmenta-
tions (note that in telepresence this needs to happen over network/distance), and 
seeing them from a correct viewpoint in the target space. Supporting the same for mul-
tiple remote sites and participants causes further complexity, especially if the goal is to 
support a shared understanding of participant positions (cf. face-to-face meetings).

Table 2 summarizes our exemplary focus on videoconferencing type of photo-
realistic telepresence approaches (cf. quadrant real human - real space in Table 1), 
with hybrid enhancements based on 3D streaming and XR visualization.

Figure 5. 
MR conferencing between virtual and real spaces: a) second life view (screenshot), b) real life 
(augmented video).
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A simplified hypothesis for our study is that much of the complexity of 3D tele-
presence solutions can be avoided by aiming at a screen-based solution without a 
(fully) realistic meeting geometry. An important cue is motion parallax, supported 
by tracking small user motions and serving with new viewpoints accordingly. 
Because of this choice, tracking and exchanging user positions for maintaining 
a unified meeting geometry is omitted, simplifying the solution considerably. 
Correspondingly, although beneficial in some geometry supporting solutions, the 
earlier described video-on-demand approach is not needed either.

Despite the demarcation to screen displays, the solution can be enhanced with 
remote XR functionalities, i.e. by bringing benefits of hybrid approaches to a photo-
realistic screen based solution. With screen displays, it is also easier to support natu-
ral occlusions when compiling remote views (e.g. no need to use XR approaches for 
displaying remote views around a local participant). Using external (flat) screens is 
naturally also a solution to avoid (the need of) covering faces by glasses display, i.e. 
better supporting photorealistic capture of participants.

Correspondingly, the next chapter focuses on describing the above photorealistic 
approach for 3D telepresence, giving more details on its main challenges and the 
status of related technical enablers. Most important of those enablers is support 
for coding and streaming RGB-D data, for which an exemplary implementation is 
described with some numerical results.

3. 3D telepresence solution using screen displays and supporting XR

3.1 Introduction

In the following chapters, main choices, enablers and components are described 
for a photorealistic telepresence with screen displays. Features from hybrid 
approaches are included, e.g. possibility to replace visual captures of a remote 
participant by an animated avatar. Further, in addition to screen based communica-
tion, XR interactions can be supported separately by streaming 3D scanning results 
between meeting sites, and viewing either locally or remotely produced augmenta-
tions e.g. by AR glasses.

3.2 Serving viewpoints by screen displays

Generally, serving moving participants requires views from arbitrary viewpoints. 
This in turn requires tracking of participant positions and virtual meeting geometry 

Selected focus: Photorealistic solution based on screen displays

Challenge Approach Solution

• Shared geometry and depth for 
natural perception

• Participant/user mobility

• Avoiding use of HMD/glasses

• Use of (3D) screen 
displays

• Improved support for 3D 
geometry and depth

• Improved support for 
user mobility

• Improved (3D) interac-
tion by (remote) XR

• Support for motion parallax

• Support for remote augmentations 
(remote XR)

• Support for viewing XR objects in 
participant spaces (using mobile 
displays and/or AR glasses)

• Future option for accommodation 
support

Table 2. 
Defining the focus to screen based 3D telepresence solutions.
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in real time. Further, although it may be enough to model a meeting environment 
in advance, photorealistic 3D capture of participants needs to be made in real time. 
This in turn requires a setup of multiple 3D sensors and an efficient reconstruction 
algorithm.

It is however possible to simplify the implementation considerably by relieving 
from natural geometry requirement. In the minimum, small motion parallax and 
even natural focus (e.g. using MFPs [16, 17, 25]) can namely be supported with-
out forming and maintaining a virtual meeting geometry between participants. 
Although with more limitations than with NEDs, also flat screens can support user 
mobility and consistency of meeting geometries.

By relieving geometry constraints, more freedom for display arrangement and 
mobility can be achieved. For example, motion parallax can be supported also when 
compiling remote participants into a video mosaic on a display (a typical situation 
during video conferencing, as such) and thus to better support 3D cues (Figure 6). 
Note that it may not be that harmful even if all remote participants have their faces 
oriented towards a local viewer (cf. a “positive Mona Lisa effect”, i.e. getting an eye 
contact even when not being looked at).

In this simplified approach, accurate tracking and delivery of user positions is 
not needed, and neither is the definition for a unified meeting geometry. Instead, 
the tracking reduces to a local and rather approximate process of detecting the 
direction of participant motion, indicating more a viewer’s qualitative desire to 
perceive motion parallax. Further, by satisfying to frontal 3D captures, only one 
capture sensor is required.

As a result, 3D cues supported by the suggested system are limited to synthe-
sized motion parallax, true eye contact (cf. avoiding the effect of a camera-display 
offset), and perception of depth. All these are important improvements over exist-
ing videoconferencing solutions. As described in [16, 17, 25], supporting natural 
focus/accommodation is also possible, provided that practical solutions for MFP 
displays or alike come to market.

3.3 Simplified user tracking and geometry formation

Generally, user tracking and positioning is an important functionality of 3D 
telepresence solutions. User positioning is required for 1) forming a consistent vir-
tual geometry between participants, and 2) serving a participant with viewpoints 

Figure 6. 
Supporting motion parallax to a mosaic of 2D or 3D renderings on screen.
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complying his/her movements in the defined meeting geometry. A tracking device 
can be carried by a participant or can measure the person from outside. Visual 
tracking is commonly assisted by other electronic sensors (IMUs or a like) and by 
fusing the results for better accuracy.

For a telepresence session, most favorably, a common server makes the forma-
tion of a virtual meeting geometry. For this purpose, the server needs participant 
positions from each telepresence terminal (cf. varying participant positions in 
Figure 3c). Bitrates for delivering 3D positions may be reduced by a suitable coding 
method, e.g. differential, run-length (RL), variable length coding (VLC), or their 
combination.

In general, user tracking, from either outside or by wearable sensors, has evolved 
considerably in recent years. A good solution to provide 6DoF head motion tracking 
is visual-inertial odometry (VIO), which estimates the relative position and orien-
tation of a moving device in an unknown environment using a camera and motion 
sensors (https://en.wikipedia.org/wiki/Visual_odometry). A big advantage of VIO 
is that it can be processed on glasses or HMD without external setups, i.e. sensors, 
markers, cameras, or lasers set-up throughout the room. A comparison of several 
VIO approaches is presented in [26].

Note that in our simplified telepresence approach using screen displays, the 
perception of a consistent geometry between participants is relieved to ease up the 
implementation. For the screen-based communication, there is no need to derive 
user positions accurately, nor to deliver them to remote sites. Correspondingly, there 
is no need to track a camera or cameras for 3D reconstruction either. For supporting 
motion parallax, rather qualitative detection of user motions is enough, i.e. to detect 
simply, whether a viewer is moving slightly (e.g. leaning left or right) to perceive a 
slightly altered view. These small viewpoint changes can be supported locally, e.g. 
by synthesizing the viewpoints, so that there is no need to deliver captured motions 
to other participants.

In case the solution is enhanced by the support for seeing augmented objects in a 
participant’s space, the tracking needs to be more wide base and accurate. However, 
if the support is only for seeing XR objects locally, there is no need to deliver viewer 
motions to other sites.

3.4 Coding and streaming 3D data

Efficient 3D capture, coding and streaming are important for future 3D telepres-
ence solutions [27–29]. As we introduced in Chapter 2.4, coding and delivery of 3D 
volume data is not reasonable nor necessary for supporting spatial faithfulness, 
as a viewer is able to see a 3D environment or content only from one (binocular) 
viewpoint at a time. This suggests a solution using viewpoint-on-demand approach, 
which, instead of delivering complete 3D views, serves remote viewers with video-
plus-depth (V + D) perspectives from desired viewpoints. A prerequisite of this 
approach is that user positions are tracked and set into a unified geometry defining 
(virtual) lines-of-sight between participants.

Luckily, V + D format suggested above serves also well in enhancing screen 
based telepresence solutions, both with additional 3D cues (motion parallax, and 
depth, both for stereoscopy or supporting natural focus/accommodation) as well 
as with XR visualizations and functionalities. Although communication is based 
on viewing remote participants on screens, a system can also support producing 
and delivering XR objects, viewed by a local participant’s with glasses or by looking 
through a mobile device.

Using video-plus-depth captures simplifies and eases-up the implementation 
and reduces bitrates and complexity in data coding and streaming. We applied 
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existing video coding methods supported by FFMPEG for encoding of RGB-D data 
(e.g. HEVC/X265). A basic challenge is that Kinect type of sensor produces 16 bit/
sample depth values, which are not supported by video coding methods. For that 
reason, we rounded 16 bit depth values to closest 12 bit integers before coding.

Figure 7 illustrates the pipeline in our experiments. The quality of our video-
plus-depth coding and streaming was experimented by comparing direct recon-
struction result of a moving RGB-D sensor to the reconstruction made after coding 
and streaming the data by a HEVC/X265 (FFMPEG) codec. The reconstruction 
algorithm was the one provided by Open3D. The test sequence was sequence 016 
(here denoted as ‘Bedroom’) from the SceneNN dataset at http://www.scenenn.net, 
obtained by using Asus Xtion PRO, a Kinect 1 type of depth sensor. The sequence 
consists of 1364 color and depth frames (captured in about 45 seconds), both in 
PNG format with 480x640pel per frame.

In Figure 7, video and depth sequences were transferred into two video type 
sequences using the sc. depth blending, modulating the original input video by a 
linearly weighted depth map and its inverse [25]. This results with two video-like 
sequences with the partition-of-unity property, meaning that the output sequence 
is obtained by summing up the modulated (and coded and streamed) video compo-
nents in the receiver. The coded depth map sequence is obtained from the ratio of 
luminance(s) for the corresponding pixels. Note that the same approach is typical 
when forming MFPs for accommodation supportive displays. Here, we omit further 
details of the coding process and suggest an interested reader to study e.g. the above 
references.

In our experiment with the above Bedroom sequence, the average bitrate for 
the original video-plus-depth data from the sensor was 103Mbit/s (RGBD frames 
in png format, 30fps), and the average bitrate for the coded and streamed data 
was 567kbit/s, corresponding to about 180:1 compression ratio. Standard (RMS) 
deviation of the output voxels was 4.2 mm compared to the input (‘original’) 
surface, as derived from the reconstructions by the CloudCompare SW (see https://
en.wikipedia.org/wiki/CloudCompare). PSNR was calculated from the differences 
between corresponding YCbCr pixels of the input and output sequences. Average 
PSNR was 50.3 dB for the luminance (Y), and 48.6 dB and 55.2 dB for Cb and Cr 
components. YCbCr format was chosen for being traditionally used in compression 
research and for better specifying obtained PSNR values. Calculations were made 
using Matlab (r2018b) functions for format conversions and PSNR. These above 
numerical results are very good, and when viewing by eye, both the video and the 
reconstructions appear identical.

Figure 7. 
3D pipeline showing data (color plus depth data from a moving RGB-D) being captured, coded, streamed, and 
reconstructed in our experiment. Quality comparison (PSNR) is made between original and coded videos, and 
reconstruction accuracy (RMS distance to the nearest voxel) is measured from 3D reconstructions using original 
and coded depth images.
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Note that the above pipeline is still an offline implementation, using stored files 
for both input and output data. Correspondingly, there were no real-time limita-
tions in the above simulations. The writers expect to complete also a real-time 
version of the pipeline by the autumn 2021.

3D streaming solution described above can obviously support also higher resolu-
tions. E.g. with a fourfold resolution to the experiments, the bitrate would remain in 
the order of 2Mbit/s. As long as there are no better coding methods available, it will 
be more challenging to support higher pixel dynamics, i.e. more bits/pel (e.g. by 
depth blending as in our solution).

Generally, the bitrate for video-plus-depth is much less than when streaming 
multiple-view or volume videos. As a comparison, the approaches used in [7] 
resulted with the average of 1–2 Gbps transfer rate for a 30 fps stream. According 
to Qualcomm1, 6DoF video demands bit-rates in the range of 200 Mbps to 1000 
Mbps depending on the end-to-end latency. These figures are just indicative, as the 
bitrates depend heavily on the used coding scheme and many factors affecting qual-
ity (notably resolution used in 3D data capture). Interested readers may find more 
information from the references given in the beginning of this chapter.

Our simulations on 3D streaming indicate that reconstructing 3D models from 
coded and streamed video-plus-depth data succeeds with an adequate quality for 
3D viewing and reconstruction. Note that the same simple data pipeline enables 
also various remote support functionalities, including remote 3D analysis based on 
coded information.

The principle of using compressed data for visualization and analysis is denoted 
as compress-then-analyze (CTA) approach [30, 31]. According to [31], the opposite 
analyze-then-compress (ATC) approach may outperform at low bitrates. However, 
ATC limits a system flexibility, as for example normal viewing of the stream is not 
possible using only received visual features. Further, ATC fixes the feature selection 
method at a captured space, limiting applicable approaches for remote analysis. In 
fact, CTA provides superior flexibility in multipoint settings by enabling for exam-
ple any analysis approach by multiple remote receivers. According to [30], CTA may 
also outperform ATC at high bitrates. It is worth noticing, that the referred studies 
for CTA used jpeg compression for the visual features, which wastes bitrate and 
lowers quality compared to our efficient spatiotemporal CTA approach.

3.4.1 Reducing the need for streaming by synthesizing viewpoints

Video-plus-depth data format supports synthesizing viewpoints without order-
ing and streaming new data. This in known from the sc. depth image based render-
ing (DIBR) approaches for stereoscopic (S3D) TV [15]. Using DIBR, stereoscopic 
image pairs can be formed in any desired baseline orientation. Viewpoints can also 
be synthesized to support 3D motion parallax, i.e. any small viewpoint changes 
around nominal viewpoints from which video and depth images are captured. In a 
telepresence solution, synthesizing viewpoints can thus be used for both reducing 
bitrates and avoiding possible latencies of a viewpoint-on-demand approach.

Applicable methods for synthesizing new viewpoints are virtual viewpoint gen-
eration in 3D (3D geometry calculations), which are also well supported by graphics 
processors for speeding up computations. Another way is used in [16, 17], where 
new viewpoints are formed by simple shifts of MFPs, generated also using video-
plus-depth data. The latter approach is good at least if a graphics processor is not 
available, and if natural accommodation is supported by an MFP approach. Note 

1 https://www.qualcomm.com/media/documents/files/augmented-and-virtual-reality-the-first-wave-
of-5g-killer-apps.pdf
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that MFPs can also be used for virtual viewpoint generation for normal stereoscopic 
pairs without the aim for supporting accommodation [16, 17].

4. Enhancements by XR and naturalness

Traditionally, the gold standard for telepresence solutions has been a face-to-
face meeting. While mimicking physical encounters over network is technically 
very challenging, the goal for telepresence solutions has even been raised to exceed 
the possibilities of physical meetings, referred also to as “beyond being there” [32] 
and “beyond being aware” [33]. Bill Buxton et al. referred to additional function-
alities enhancing face-to-face collaboration as ‘groupware’ [4]. Correspondingly, 
also our 3D telepresence solution can and needs to be enhanced with additional 
functionalities. In our case, many of them are based on XR functionalities, which 
are discussed in the following.

4.1 Hybrid functionalities for human collaboration

Hybrid functionalities (cf. Table 1) combine real and virtual components when 
rendering and displaying telepresence views. There are two main options, which are 
described shortly in the following, namely:

1. Replacing a camera captured (and animated) participant view with a virtual 
avatar (augmented reality option), and

2. Replacing a camera captured participant space with a virtual space (augmented 
virtuality option).

There are multiple implementations and services using the first 
approach, e.g. https://remoteface.ai (+ YouTube https://www.youtube.com/
watch?v=prpPqwV5Weo). This approach requires either capturing a participant’s 
facial features in order to animate the avatar, or in the minimum, capturing a partic-
ipant’s speech to estimate underlying facial muscle movements and corresponding 
animation parameters.

The second approach was already illustrated in Chapter 2.5, where a real-time 
captured human is rendered into a typically in-advance modeled virtual space (cf. 
e.g. Figure 4). Note that a virtual space may even enable a remote participant to 
make virtual visits to that space (i.e. seeing to it from widely varying viewpoints) – 
in particular, if the viewing is supported by glasses display.

Note that using glasses for viewing makes the interaction easily nonsymmetrical 
or even one-way, as the glasses prevent either capturing facial movements of their 
wearer, or seeing his/her face and eyes. Somewhat working solutions to avoid this 
have however been described in literature, based e.g. on real-time manipulation of 
facial areas [7].

4.2 Remote XR support functionalities

When developing 3D telepresence solutions, we are particularly interested in 
supporting remote XR functionalities. There are two main approaches for doing it. 
The first approach requires only delivering of images or video to the remote site(s), 
and coding and streaming is supported straightforwardly by existing video coding 
methods. However, better support for remote interaction is provided by coding data 
from a depth sensor, and after streaming the data, making 3D reconstruction at a 
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remote site. Algorithms used for local reconstructions are applicable also for remote 
reconstructions.

Thus, in addition to better 3D perception, video-plus-depth data supports also 
forming (or copying) 3D reconstructions at remote sites. These reconstructions, 
which we have denoted as Visual Twins, can support various 3D remote support 
functionalities, e.g. 3D monitoring, control, and analysis, as well as remote aug-
mentation with visualizations and instructions. As described in Chapter 3.4, this is 
feasible by applying existing coding methods.

We have tested both video-based (sc. Ad-hoc AR) and video-plus-depth based 
(sc. Visual Twin) approaches, and they are described in more detail in the following:

1. Local 3D reconstruction, pointed remotely for positioning augmentations 
(Ad-hoc AR)

In this option (Figure 8), a 3D reconstruction is made in a local space using e.g. 
an RGB-D sensor carried by a moving person or a robot. The orientation of each 
RGB-image is derived in a normal way in the reconstruction process (e.g. using 
SLAM [34] and TSDF [35]), and stored locally with the image ID (e.g. a simple 
timestamp). The images are coded and streamed separately (e.g. following a manual 
selection) or as a sequence to a remote space. In the remote space, a person selects 
a point (pixel) in an image to show an augmentation, and messages back the image 
ID, target pixel coordinates, and data (or ID, if stored on a common server) of the 
AR object.

At the local site, the image’s orientation w.r.t. 3D reconstruction is fetched 
from the local memory. The point to show the augmentation is obtained by ray-
tracing through the defined pixel to the known orientation. Ray-tracing defines 
a 3D surface point on the 3D reconstruction (and the space), and enables local 
participant(s) to see the augmentation from various directions. Figure 8 illustrates 
the process.

2. Remote 3D reconstruction using streamed depth sensor data (Visual Twin)

Figure 8. 
Ad-hoc AR, enabling remote augmentation of a locally reconstructed space.
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In this approach (Figure 9), data for 3D reconstruction (e.g. RGB-D data) is 
coded and streamed over a network, and the reconstruction is made using the data 
decoded at the remote site. The solution described in Chapter 3.4 for the coding and 
streaming of video-plus-depth data supports directly this approach when made in 
real time (implementation for this is soon completed by VTT).

Both of the approaches have been implemented and demonstrated by VTT, and 
are suitable for enhancing our 3D telepresence solution with XR functionalities. The 
first ray-tracing based option is simpler, but being based on images/video only, does 
not allow viewing the data in 3D at the remote site. Note that receiving video-plus-
depth data enables also the ray-tracing approach, meaning that a combination of 
the approaches is also possible.

4.3 Supporting lines-of-sight

A straightforward way to enhance the described solution is to support virtual 
lines-of-sight between participants in the same way as in the describe Hydra 
approach, i.e. by using an own screen based terminal for each of the (maximum 
number of) remote participants (cf. Chapter 2.1). This means full mesh connec-
tions between peers, but the total bitrate may remain low due to each of the streams 
being a low bitrate video-plus-depth stream. This enhancement would also enable 
also earlier referred options for increasing user (plus meeting site) mobility e.g. by 
grid based geometries and interactive landscapes (cf. Chapter 2.2). The downside of 
this approach is the increase in the complexity for a meeting setup, and support for 
only a limited number of participants due to the lack of space around a participant. 
This version may however be justified in special cases where better spatial and gaze 
awareness between interactive participants is particularly important.

4.4 Natural eye-focus/accommodation

Stereoscopic rendering is a further means to improve 3D perception. However, 
stereoscopic viewing detaches natural eye focus (accommodation) and convergence 
distances. The resulting vergence-accommodation conflict (VAC) causes discom-
fort and nausea, and restricts a person’s willingness to view stereoscopic content 
[6, 25, 36]. A related conflict in monocular viewing is the sc. focal rivalry (FR) 
[37]. In addition to VAC and FR, there are various other error types caused by the 

Figure 9. 
Principle of visual twin, here used for remote monitoring & control.
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wrong blur of rendered scene components, e.g. all-in-focus virtual objects, or real 
objects blurred by camera optics. These types of distortions appear especially when 
combining content for augmented scenes. Without careful considerations, these 
distortions continue hindering the quality and acceptance of XR functionalities.

As described in Chapter 2.6, unnatural occlusions are another common type of 
distortion, which occurs especially in XR, when combining optical views (cf. OST 
glasses), photorealistic captures, and 3D modeled objects and spaces. In addition to 
occlusions, supporting natural focus is a big challenge in display design and manu-
facture, and has not yet been properly solved for either external screens or near-eye 
displays. Natural focus requires that a content is rendered into a 3D volume, instead 
of one or few display surfaces. There are volume displays aiming to this, but gener-
ally they suffer e.g. from the lack of occlusions, colors and brightness.

There are various means to support natural focus, including for example light 
field rendering [38]. Supporting occlusions in a light field display has been  studied 
e.g. in [39], and occlusions for its simple variant multiple-focal-plane (MFP) 
display in [25]. MFP-rendering is essentially light field rendering to one viewpoint, 
and as such fits well to the above introduced viewpoint-on-demand approach. The 
writers have studied various ways of forming and rendering MFPs, and have even 
made own designs for MFP glasses [40].

Implementation of MFP or other accommodative glasses is however very chal-
lenging, as for example the efforts by Magic Leap, Inc. has us learned. However, as 
glasses are superior in supporting immersion and mobility, we expect that major 
technical problems will be solved, and high quality accommodation support will 
be available within about a decade. Note that their (eventual) emergence will in 
general mean a big change to the ways visual information is captured, processed 
and displayed.

5. Conclusions and acknowledgements

For using a photorealistic approach in 3D telepresence, the biggest challenges are 
the accuracy and cost of acquiring, delivering, and displaying 3D captures. Glasses 
based approaches are attractive due to their ability to support user mobility, immer-
sion, and in future even natural focus/accommodation in 3D perception. Glasses 
can provide also sensors for 3D capture and user positioning. However, natural 
occlusions and accommodation are hard to support, and likely it will still take many 
years before affordable and good-enough glasses are available.

In this article, in addition to reviewing the general status and approaches for 3D 
telepresence, we proposed a simplified approach for spatially faithful telepresence, 
based on 3D screens and low bitrate streaming of video-plus-depth data. Screen 
displays are cheap, and can support 3D cues and mobility better than in existing 
teleconferencing solutions. External displays are easy to view and are a good option 
for improved 3D telepresence solutions. An important enabler for a simplified 
solution is efficient coding and streaming of RGB-D data, for which an exemplary 
implementation was presented with some simulation results. Described means for 
3D capture and streaming support also XR functionalities, which in addition to 
viewing XR content on screens, may also be used with glasses or mobile displays. 
Features of the introduced solution can be summarized as follows:

• Photorealism with improved support for 3D cues

• Screen displays are preferred due to not obstructing faces
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• Gracefully compromising mutual (real-world like) geometry for more freedom 
in display placement

• Supporting low bitrates by video-plus-depth (V + D) streaming

• Delivering enough 3D data for supporting remote XR functionalities

• A participant can see augmentations in his/her environment by using a mobile 
device (a “magic lens”) or AR glasses

• Hybrid approaches can be supported, with options for:

1. replacing a participant capture by an avatar, and

2. replacing a captured meeting environment by a virtual space

• Easy to be modified e.g. for emerging MFP displays supporting natural 
eye focus

Choosing screen displays implies both limitations and benefits to the system. 
With one or few screen displays, the perception of a meeting geometry is not same 
between participants. We decided to rely on the benefits of an exaggerated percep-
tion for eye contact by collecting all remote participant renderings into a grid on 
(nominally) one screen display, and providing viewers with perception for depth 
and motion parallax.

The key enabler for the improved system is simple: support for real-time cap-
ture, coding and streaming of video-plus-depth data from the RGB-D sensor of 
a telepresence terminal. This choice enables low bitrates, depth perception, and 
support for small viewpoint changes by user motions. Currently, the most feasible 
option for a display is a stereoscopic (S3D) display, but it can be replaced by an 
accommodation supportive display as soon they come available.

Our basic assumption is that each participant has his/her own telepresence 
terminal in the same way as PCs and laptops are currently used in videoconferenc-
ing. Correspondingly, from appearance, the new solution does not differ too much 
from current videoconferencing systems. For better supporting spatial faithfulness 
and gaze awareness, a more complicated system with several cameras and 3D screen 
displays may be used (i.e. applying Hydra and Viewport type of approaches intro-
duced in Chapter 2.1). In parallel to viewing remote participants on screens, AR 
glasses can be used for viewing augmented objects inside a local space.

Although we have tested only some important prerequisites of the suggested 
solution, we have now a good knowledge and plan for its full implementation. We 
hope that this article raises its readers a general interest to the status, challenges, 
and possibilities of 3D telepresence, as well as a specific interest to develop the 
described approaches and ideas even further.

We want to express our gratitude to VTT Technical Research Centre of Finland 
for giving us the opportunity to work on 3D telepresence and related topics. Thanks 
also for InterDigital Inc. for challenging us to make new inventions in this area.
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Abstract

Building Information Modeling is an increasingly common process for  managing 
the entire lifecycle of a building - from design and planning, through the construc-
tion phase, to operation and maintenance. The result of this process is a building 
information model with all the generated data and information about the construc-
tion process that can be used in a variety of different end-user scenarios. One 
such use of the model is in a number of different augmented reality applications. 
Augmented reality technology is being used to bridge the gap between the digital 
and real worlds and is rapidly becoming an essential part of modern building data 
modeling design workflows. The chapter provides an overview of building data 
modeling and the current state of the art in the use of augmented reality in various 
user scenarios of building data modeling and explores various challenges that need 
to be addressed for the adoption of augmented reality technology in architecture, 
engineering, and construction in general.

Keywords: augmented reality, computer integrated engineering, civil engineering, 
project documentation, construction, building information modeling, BIM

1. Introduction

According to [1], Building Information Modeling (BIM) [2] is a set of technolo-
gies, processes and policies enabling multiple stakeholders to collaboratively design, 
construct and operate a Facility in virtual space. The result of a BIM process is a 
building information model that a shared digital representation of a built asset to 
facilitate design, construction and operation processes to form a reliable basis for 
decisions. The term BIM continues to evolve over the years and is thus best under-
stood as an ‘expression of digital innovation’ across the construction industry and 
the overall built environment and is an increasingly common process for managing 
the entire lifecycle of a building - from design and planning, through the construc-
tion phase, to operation and maintenance. As noted by D. Richard and C. Harty [3] 
highly structured and semantically rich 3D geometry information is in practice used 
on physical 2D medium, e.g. paper or digital displays. So at the end, basic concepts 
remain the same even though we now have access to much richer information with 
BIM models.

As not much has changed on the conceptual model of translating virtual 3D 
plans into real world structures, engineers still have to rely on their knowledge, 
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experience and spatial awareness to map these virtual plans, that may include 2D 
drawings (plans, elevations and sections) or 3D models (viewed on a 2D display 
medium) into real environment (see also Figure 1). This challenge has been recog-
nized by different researchers, including P. S. Duston and H. Shin [4] that proposed 
this mapping process be facilitated by mixing virtual information with the real 
environment. A technology that enables mixing digital information with the real 
world environment objects and spaces is called augmented reality (AR) [5].

AR Systems generally consist of three main phases: Data Phase, Computation, 
and Presentation. The data phase is primarily concerned with the creation, cura-
tion, and formatting of data. In the context of BIM related workflows, this means 
designing a BIM model so that it can be used as a source for augmenting reality. 
Merging virtual data (3D geometry, specific element information, etc.) and real 
environments is a computationally intensive phase and can take place on the mobile 
device or on a remote server. Finally, the display of the mixed visualizations can 
be done on handheld mobile devices such as smartphones and tablet computers 
and (2) head mounted devices. Several AR systems already exist; however, they 
are mainly used to display proprietary models prepared using specialized custom 
software, including the software that was used for this research [6].

The chapter provides an overview of building data modeling and the current 
state of the art in the use of augmented reality in various user scenarios of building 
data modeling. Specifically, it describes various challenges that need to be addressed 
as well as a spectrum of different end-user scenarios and use-cases for use of AR 
technology in architecture, engineering, and construction (AEC). As part of the 
conclusions, the SWOT analysis of using augmented reality system in to context of 
BIM is also provided.

2. Building information modeling

The roots of Building Information Modeling (BIM) can be traced back to the 
first ideas on how to use the concept of product models using various media in 
architectural designs [7], as reported by Russell and Elger [8] regarding the intro-
duction of BIM into the AEC market. And following this evolution, the beginning 
of the Industry Alliance for Interoperability (IAI) in 1995, and from experiences 
established a standard for describing buildings, which would allow the exchange 
of information about buildings without the loss of their semantic information [8]. 
This working format is called Industry Foundation Classes (IFC) [9], having been 
published for the first time in 1997.

Following the definition of BIM by the US National Building Information 
Modeling Standard (NIBS 2012), BIM digitally represents the physical and 
functional characteristics of a building, enabling the collaboration of different 

Figure 1. 
From virtual reality, e.g. BIM model, to real environment.
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stakeholders throughout the building’s lifecycle to enter, update or modify informa-
tion in the BIM model. BIM is always evolving, seeking to optimize technology 
according to the complexity of the processes applied in civil construction and the 
construction community is looking to innovate with BIM through specific workflow 
tools such as VR and AR that are being applied directly to solve real-world problems 
as installation verification and estimating [10].

The essence of building information modeling is the ability to add useful 
information [10] using BIM models that are more than geometric representations; 
therefore, they can be viewed in various dimensions, from 3D (design planning), 
4D (scheduling), 5D (costing), 6D (life cycle information) and 7D (facility 
management) [11] (Figure 2) and, the data models used differ from each other 
according to the schema used both to organize the data and the schema language to 
transport the data.

The IFC data model it is an open and platform-neutral file format, facilitating 
interoperability in the architecture, engineering and construction industries, being 
used through specialized BIM programs and therefore with its own platforms such 
as Revit, ArchiCAD, Navisworks, Bentley, among many others. Since IFC is an open 
standard it enabled development of different translators from one data format to 
another, for example from IFC to XML [2].

Figure 2. 
Building information modeling enables communication, collaboration and visualization of BIM models 
throughout the building life cycle; from design and planning, through construction phase, and finally operations 
and maintenance.
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3. Augmented reality

Current virtual reality technologies are based on ideas constructed and reported 
from the 1960s and possibly earlier, such as the iconic Ivan Sutherland who in 1968 
created the first head-mounted display that rendered simple wireframe models for 
pose change of the viewer [12]. It was through the foundations of this invention and 
with technological innovations and other evolutions that we now call Virtual Reality 
(VR), Augmented Reality (AR) and Mixed Reality (MR) (Figure 3) [13].

With the concept of VR conceived more than fifty years ago, when the first 
immersive human-computer interaction (HCI) mock-up called “Human-Machine 
Graphic Communication System” was invented [12] the formal term of VR was 
placed in 1989 on the RV continuum based on Milgram’s taxonomy where VR 
represents the creation of a virtual reality or. environment in which the user can 
enter this scene with the feeling of being in the “real” world, with limited level of 
“realism” such as visual and sound effects [14].

According to this definition, AR is an environment where additional data gener-
ated by the computer is fed into the user’s view of a real scene [15]. With AR, users 
can access, visualize and interact with complex information in the context of the 
real environment, or in other words, computer-generated elements are added to the 
seen reality. Since the entry requirements for a AR capable device are relatively low, 
many of today’s smart devices (phones, tablets) are suitable for AR use.

With the growth and maturation of technologies in AR, applications end up 
becoming more viable and popular for both the education, design, manufacturing, 
construction and entertainment sectors, becoming potential in helping to improve 
existing technologies and, with that, can promote a better quality of life mainly for 
people with physical and/or mobility limitations.

4. Augmented reality in BIM

In the context of augmented reality and BIM we can define augmented reality 
can as system in which BIM model is used to augment real environment. An AR 
enhanced BIM modeler could also be envisioned where BIM model information 
is edited in an AR environment. AR is currently being considered by scholars and 
practitioners in the area of knowledge, as a “New Age” of information through 
advanced technology due to the positive effects of its technological potential that its 

Figure 3. 
Reality-Virtuality continuum [13].
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correct use offers to the construction industry, especially in the construction phase, 
providing significantly affects the efficiency of projects, quality, health and safety 
[16], and consequently the project cost and duration, positively [17].

In Section 2. we already established BIM as a type of a “central hub” to all data 
and information related to a specific projects – this of course includes 3D models 
necessary for AR applications as well as non-geometrical information that could 
also be linked and accessed in AR applications.

But combining real world objects with virtual ones can be challenging. 
Researchers Bajura M and Neumann U [18] identified four main challenges to 
be addressed: (1) the origin of the tracking system is not aligned with the world 
coordinate system; (2) the transformation from source to object is not accurate; 
(3) the position of the virtual camera is not correct – usually related to inertial and 
motion-based sensors errors; and (4) virtual camera-to-image mapping does not 
accurately model the real camera.

To organize the data processing steps for the final BIM visualization in AR, 
Williams et al. [19] describes a generalized three step workflow (similar architecture 
is also proposed by Meža et al. [20]): (1) First, it is necessary to generate geospatial 
properties for each BIM object where mobile AR application uses geolocation to 
identify the user’s position and, consequently, be able to produce information related 
to the viewed object; (2) Second, from the moment that the information displayed in 
mobile AR refers to a user’s position, several points surveyed within BIM also need to 
be identified. These points will represent where users can stay in a physical location 
and perform mobile AR tasks with BIM data sets related to that location; and (3) 
Third, for BIM to be usable in a general mobile AR environment, the geometry and 
property data set needs to be separated into two exchange formats.

5. Use-case scenarios

In the context of BIM workflows, the use of augmented reality is usually associ-
ated with three basic use-case scenarios [21]: (1) design phase - review of proposed 
solution, (2) construction phase - monitoring of construction progress [22] and (3) 
operation phase – building maintenance [4]. But as identified by C. Woodward and 
M. Hakkarainen [23] many other relevant use-case scenarios should be considered, 
including layout optimization, excavation, positioning, inspection, coordination, 
supervision, commenting, etc.

In the following subsections, three different representative use cases are described. 
Two of them are based on infrastructure projects (railway/tunnel, bridge) and the 
last one is based on an office building. In all presented use cases, a BIM specific mobile 
application [6] has been used to access BIM models as well as to use the integrated AR 
solution. The mobile apps use a BIM shared data environment solution that provides a 
central hub for all person-to-person communication, data sharing, etc.

5.1 Use-case 1: infrastructure (design and planning phase)

The project used for this use-case is a construction of the second railway line 
from Divača to Koper that includes construction of more than 17.4 km of access 
roads with various structures serving as service lines for the construction of tun-
nels, retaining walls and a bridge approximately 35 m long. It is one of the largest 
infrastructure project in Slovenia.

The first use-case clearly falls into the design and planning phase of the full 
life cycle using AR for visualization of the construction site organization as well as 
visualization of the completed structure in real environment. One of the main goals 
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for the use-case was also to examine how AR technology and its implementation in 
the selected mobile application can be used for an infrastructure projects that are 
defined primarily with long distances.

We used a tablet computer with augmented reality application to test the use-
case in two different locations that are a few kilometers apart. However, both are 
georeferenced in a 2D model on the tablet (Figure 4) and correctly link the required 
information in the 3D model.

Its integration through AR technology to visualize interactive 3D models on site 
[24, 25] (Figure 5). As seen in the images bellow, it was possible, for example, to 
check the tunnel portal and MEP installations, railway track to be build, as well as 
to get the general scale and complexity of the construction site.

Key takeaways: (1) it is absolutely essential that all BIM models are correctly 
georeferenced for use by AR system, (2) use of tablets/phones can be challenging 
in bright environments, (3) difficult to orient yourself in the field and correctly 
position and scale BIM model, (4) can be used for general understanding of future 
construction site, and (5) determining geolocation can be challenging and it is 
depended on geographical characteristics of the construction area.

5.2 Use-case 2: infrastructure (operation and maintenance phase)

The project used for the second use case is an already completed infrastructure 
project - a new bridge (Figure 6) over the Savinja River in Marija Gradec, near 
Laško. The bridge is 123 m long and up to 12 m high and designed as an anchored 
containment structure. The bridge construction started in mid-July 2019 and was 
opened for traffic in February 2021.

The use case clearly addresses the use of AR in the operation and maintenance 
phase (7D, see also Figure 2) of the life cycle [26, 27]. BIM model (3D geometry only) 
was available and correctly georeferenced via the mobile platform used [6]. This made 
it possible to obtain real-time architectural visual interaction and communication. 
Another important point for the choice of this site as a case study is precisely the coun-
terpoint that apart from the 3D model BIM in IFC format as basic information, no 
other accessible database is available, which imposes major limitations for its use and 
visualization in augmented reality. Overall, it is possible to check the 3D model BIM 
and compare the same coordinates on Google Maps as shown in Figure 7.

Key takeaways: (1) it is essential for the of AR system, that BIM model includes 
additional information to basic 3D geometry, (2) positioning/scaling of BIM model 
in AR system possible due to available reference points, (3) difficult to use tablets/
smart phones in bright sunlight.

Figure 4. 
The stand point 1 (a) and the stand point 2 (b).
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5.3 Use-case 3: office building

The construction of the industrial complex “Industrial and commercial building 
Iskra Mehanizmi Brnik” (Figure 8) is structurally divided into 3 main blocks: the 

Figure 5. 
Visualizing (a) a railway track and (b) a portal to a tunnel.

Figure 6. 
The Marija Gradec bridge.

Figure 7. 
The geoposition of the bridge in Google maps (left) and BIM model (right).
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commercial part, which consists of a monolithic reinforced concrete structure and 
two production and storage units made of prefabricated reinforced concrete.

The use case focuses on the Iskra Mehanizmi office building (Figure 9). It is a 
complex structure that is in the final stages of construction. The example can be 

Figure 9. 
The site situation/implementation plan. Top right is the newly constructed Iskra Mehanizmi office building.

Figure 8. 
Iskra Mehanizmi Brnik industrial complex.
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used to demonstrate the use of AR technology at different lifecycle stages (see also 
Figure 2). A complete common data environment was available for the project, 
which contained various 3D models BIM with all associated information, allowing 
the use of AR.

The model BIM supports geometric and non-geometric design information such 
as location through geo-referencing (3D) and technical specifications (4D) from door 
and window manufacturers as well as maintenance information (5D) (Figure 10a). 
The convergence between the 3D model BIM and the AR (Figure 10b) is practically 
done through three main components: the 3D model BIM itself, the whole readout 
and the transformation of the data for interpretation in augmented reality through 
an appropriate application on a mobile device, in this case a tablet was used. To 
enable visualization on the AR platform, the 3D model BIM sends and receives infor-
mation BIM, such as installation adjustment requirements and work plan review, 
allowing the user to interact with the 3D model BIM and other members of the 

Figure 10. 
Using an AR system - (a) location used for geospatial reference, (b) positioning/orienting/scaling the BIM 
model, (c) accessing associated tasks for current location, (d) information data request, (e) checking specific 
information of a BIM object, (f) accessing construction details.
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project team in real time (Figure 10c). BIM models are created based on 2D design 
drawings and with information included in the design specifications according to 
the client’s requirements. In this case, there is a marker (orange rectangle) that refers 
to the requested information (Figure 10d). After clicking on the orange rectangle, a 
new window immediately opens with the details of the information in a 2D drawing 
with comments about the location, the type of installations performed, and what 
needs to be done to complete the jobs (Figure 10e). The levels of construction details 
included in the same information can be structural, architectural, MEP installations 
or others required to complete the project (Figure 10f).

One of the main objectives for the use case was also to test the use of AR inside 
a building, where it is usually impossible to collect GPS signals for geolocation of 
the stand position. The mobile solution used in the example, AR [6], uses a manual 
geolocation method where the user (1) selects an approximate position in the 2D 
plane and (2) rotates and scales the 3D model based on reference points (windows, 
doors, columns, etc.).

Key takeaways: (1) determining geolocation within a building can be challeng-
ing and different AR may take different approaches to solve this, (2) positioning 
and scaling a BIM model in the AR system is possible due to the available reference 
points, (3) BIM models are usually more complete for buildings compared to infra-
structure objects (bridges, tunnels, etc.), therefore the AR system can make better 
use of the available information.

6. Conclusions

This paper mainly focuses on the major application scenarios mentioned by 
various researchers and practitioners in the field of architecture, engineering and 
construction. The advances in the digitization of all processes and workflows in the 
AEC industry in general and beyond with the wide adoption of BIM as a common 
methodology for managing large construction projects enables the use of advanced 
information communication technology (including, augmented reality) in AEC 
workflows. It is not emphasized that the approach of AR is better and more effective 
compared to others, but it is a helpful complement to other technologies for manag-
ing a building life cycle.

Through AR it is possible to obtain a special feature, namely “instant visualiza-
tion”, which facilitates communication and decision making between the parties 
involved in the project. According to Wang J et al. [27], AR inherently involves 
human interaction with real and virtual information sources. Within BIM technol-
ogy, the use of AR allows designers to place the virtual construction schematic in 
a real physical environment; it grants owners an engaging and interactive experi-
ence and suppliers the ability to communicate effectively with both clients and the 
technical team.

The case studies are different, the first being a road infrastructure project, more 
specifically a tunnel (already completed) and the second an architectural project 
for a commercial/service building (under construction), both with 3D models from 
BIM, which allowed visualization in AR. Table 1 shows the SWOT analysis for 
use of augmented reality in BIM based on the above presented use-cases and key 
takeaways from those examples.

Future research should generally focus on three main themes: (1) improving the 
understanding of information transfer processes, (2) enhancing software solutions, 
and (3) better understanding the required information contained in BIM models.

By improving the understanding of information transfer processes, we mean 
determining the tasks that could benefit most from AR technology [28]. It would 
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also be interesting to explore an alternative information flow where building infor-
mation models could be generated or updated in a real 3D space, on mobile devices, 
rather than on 2D computer screens in offices. It is expected that building informa-
tion modeling software vendors will improve their products in this direction, which 
would also be based on research such as that conducted or reviewed in this paper.

Computer market leaders say augmented reality will change everything. But 
right now AR still has many challenges to overcome (improving occlusion, the 
process of creating 3D content and asset quality, connectivity, computing power of 
devices, miniaturization of hardware components …) and if AR on mobile phones 
is the first step and most AR experience for a few years, AR on smart glasses will 
completely change the user experience. With smart glasses, users will have access to 
hands-free experiences, with content displayed right in front of their eyes and a full 
augmented view of the real world.
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Strengths

• View and evaluate the object;

• Transport of information;

• Scale the object in the application;

• Consult real-time information from the common 
data environment and request revisions;

• Simultaneous real-time interaction;

Weaknesses

• Difficult to position the objects in the real 
scene;

• Technical limitation of the mobile device 
causes unsatisfactory results;

• Large data transfers;

• Close integration with BIM software solutions;

Opportunities

• Easier knowledge acquisition and transfer;

• Next generation of augmented reality based BIM 
modelers;

• Education

• Live remote interaction

Threats

• Relying on augmented reality for specific BIM 
object information;

• 3D BIM model not available;

• Information not available;

• Information is not in the proper file;

• Incorrect information

Table 1. 
Augmented reality in BIM SWOT analysis.
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Chapter 9

Design Thinking for  
Computer-Aided Co-Design in 
Architecture and Urban Design
Shuva Chowdhury

Abstract

Bringing the designer’s concept to the non-design expert’s communicative level 
requires a significant understanding of the communication media. Primarily the 
design communication depends on the type of the tools used. Virtual tools with 
their pre-set operability limit the designer’s ways of interaction with the artefacts. 
This article proposes a framework for designers to interact with non-design experts 
through an enhanced communicative media. The design framework indicates steps 
of design thinking to develop the interface by understanding both the virtual arte-
facts’ perceptual affordance to the users and the design task. The paper discusses 
about projects tested in three different scenarios, urban design, architecture, and 
product design. It concludes with the arguments on designers’ role as authors of the 
system design.

Keywords: design thinking, design participation, laypeople, interface,  
virtual artefacts

1. Introduction

Since the development of technology, the participation of end-users used to be 
an essential part in the design thinking phases. Design thinking with the users leads 
to deal complex aspects of design context, either in architecture or urban design, 
with the active participation of the stakeholders. The ever-changing development 
of virtual instruments and their current state of communicative power open new 
possibilities to engage non-expert stakeholders, primarily citizens, in the design 
decision making stages. However, mostly, the virtual instruments come with their 
pre-set operability, limiting the designerly ways of interactions with the virtual 
artefacts. Developing the design engagement instrument by understanding the need 
and interest of the end-users can bring conclusive results from the participation. 
Such instrument development phases follow the primary concept of design think-
ing. The process usually a journey of trial and errors. It is also necessary to identify 
goals and objectives of the design participation and ensure participants’ feeling of 
control in the decision-making process. Thus, this study proposes a framework for 
designers like architects or urban designers to develop instruments by understand-
ing the scope of interactions with the virtual artefacts and their perceptual repre-
sentation in the virtual environment.
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In the beginning, the article briefly discusses the current trend of shift in par-
ticipatory design, the concept of tools, techniques and artefacts in design processes 
and the concept of design thinking in the instrument design. The brief literature 
review helps to understand the underlining concept of the proposed framework 
that had been tested with three interfaces. The article argues that the current 
trend in the computer-aided participatory design process requires developing the 
instruments with an empathised mindset on possible users’ interactions with the 
interfaces.

2. A shift in participatory design

Participatory design, a broad term, generally means design processes whereby 
expert designers and people not trained in design work together can engage in 
collective creativity [1]. It is a collection of design approaches, methods, tools, and 
techniques shared between many disciplines [2]. Over the past decades, a signifi-
cant shift has occurred in participatory design practice, where the end-users are 
involved in the decision-making process. Current covid scenario has also pushed 
that trend to find rapid, inclusive design solutions for safeguarding citizens’ healthy 
well-being. To tackle this critical time, design professionals have accepted informa-
tion technology-based intelligent and inclusive design techniques as mainstream 
line methods for design communication. Designers now design the instruments for 
end-users’ participation to make the process legit and inclusive. In cases, they take 
advantages of computational tools to include users’ feedback during the initial stage 
of the design phases. To do that, the designers need to identify the design problem 
and have empathy on the nature of possible interactions that can be obtained with 
the instruments. These steps are crucial and require experts’ eye to identify the 
design problem and empathise with the users’ likely behaviour while interacting 
with the instruments.

Participatory design process has seen its maximum success in community design 
practice. The result of such creative engagement depends on careful orchestration 
of the process keeping in mind the need and interest of the community. This design 
approach enables citizens to provide meaningful input into the projects through 
sharing diverse opinions and aspirations. However, to come into conclusive results 
in architecture and urban design, the participatory modes become pseudo, as the 
design facilitators cultivate the impression of openness of the participants but retain 
decision-making in their hand. Arguments are there to utilise such a variety of par-
ticipatory design approaches where the design performance depends on the system, 
as they are mission-oriented, and the knowledge is reduced to its instrumental value. 
But the current disruption in the democratisation of technology shows us that instru-
mental values can meet social values. In that regard, the mission-oriented participa-
tory design approach can produce design decisions on the demand of citizen needs.

Participatory design practices, which primarily focus on designing the tech-
nologies and services, are mainly informed by the user-oriented design approach. 
According to Bratteteig et al. [3] an approach can have six phases as an iterative 
design cycle (Figure 1). In the cycle, both the process and product are of equal 
importance. The process defines the usages, and the artefact (product or service) 
allows those usages to explore in different stages [4]. The importance of this process 
lies in the technology which mediates the users’ behaviour. Involving future users as 
co-designers significantly increases the chance that the design outcomes have values 
and meanings to them. However, when there is a discrepancy between the design 
context and usage context, the process will not be strong enough to mediate the 
behaviour of the users in the way it was envisioned.
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3. Tools, techniques and artefacts

Participatory design instruments, including digital and physical games, 
mapping instruments, and visualisation systems, are used in participatory 
design activities to engage stakeholders in design thinking [5]. Participatory 
instruments support collaborative design enquiry and bring together a network 
of actors with different backgrounds, competencies and experiences [6]. Ehn 
[7] describes a design philosophy called ‘tool perspective’, which suggests that 
computer-based tools should be designed by considering the traditional practi-
cal understanding of tools and materials used within a given craft of profession. 
That means the design process must be carried by the common efforts of skilled, 
experienced users and design professionals. The users possess the needed practi-
cal understanding of the design but lack insight into the technical possibilities. 
The instrument designers must understand the specific decision process that 
uses the tool.

Traditionally drawings, product samples, models, and now virtual 3D models 
are used to mediate the journey of a building concept to the actual built form. These 
artefacts are often produced for different purposes and obviously for people with 
varying understanding of the design and construction process [8]. Luck [9] argues 
that design practice using physical artefacts at the early stages of building design 
is appropriate for design conversation, as it develops users’ understanding of the 
design. The design conversation builds the user’s confidence in the appearance of 
the design, rather than only through the ability of the artefacts to represent a future 
reality. The artefacts embody the current knowledge of the design in its present 
status and, during a conversation, prompt discussion on ideas. Here, the ‘act of 
interpretation’ is acting as a part of the design process. In this regards, Bucciarelli 
[10] stated earlier that design only exists in the collective sense and is realised 
through conversation and action. In the same note, Luck and McDonnell [11] 
observe that an architect has a range of prompts and conversational repertoires to 
elicit information from users when discussing a design.

The studies below primarily talk about the generation of virtual three-dimen-
sional (3D) artefacts as elements for design conversation. The current nature of 

Figure 1. 
Use-oriented design cycle [4].
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technological interfaces enables anybody to manipulate virtual 3D artefacts by 
simple hand device movement in virtual environment (VE). The tested instruments 
below can produce instantaneous 3D artefacts with perceptual understanding 
particular to the instrument and the design tasks.

4. Design thinking in instrument design

Computer-based instrument design requires a design thinking mindset. 
Generally, design thinking is defined as an analytic and creative process to 
engage users in opportunities to experiment, create and prototype models, gather 
feedback, and redesign [12]. According to the Interaction Design Foundation 
group, there are five-stage in the design thinking model [13]. They are as follows: 
empathise, define (the problem), ideate, prototype, and test (Figure 2). The first 
stage is to gain an empathic understanding of the design problem. It includes 
consulting the experts to collect information more on the concerning issue through 
observing and engaging with the users. In the defining stage, the designer put 
together the gathered information. This is where the designer will analyse the 
observations and synthesise them to define the core problems. In this stage, the 
designer has to define the problem in a human-centred manner. In the third stage, 
the designer starts to generate ideas, as the users’ initial understanding and need 
have been analysed in the earlier stages. A new innovative solution can be attained 
through “think outside the box” strategies with a solid background of expert 
designers. Then, the steps of prototyping, where the designer test the developed 
instrument by himself or within a team. This is an experimental phase, and the aim 
is to identify the best possible solution for each of the problems identified during 
the first three stages. This stage helps get a better idea of the constraints inherent 
with the instrument and gives a clever view of how real users would behave, think, 
and feel when interacting with the instrument. Finally, the designer rigorously 
tests the complete product using the best solutions identified during the prototyp-
ing phase. It is an iterative process. The results regenerated during the testing 
phases are often used to redefine the problems and inform the understanding of 
the users.

Figure 2. 
Five-steps of design thinking [13].



163

Design Thinking for Computer-Aided Co-Design in Architecture and Urban Design
DOI: http://dx.doi.org/10.5772/intechopen.98938

5. The proposed framework

The proposed framework combines steps of initial data collection through a 
survey or other resources, instrument developments, design engagements and data 
collection (Figure 3). The initial step of the framework depends on the survey of the 
users’ needs. It can be achieved through a questionnaire survey or by counting the 
brief of the clients. The second step is the instrument development steps. It comprises 
identifying the virtual instrument, defining the task by understanding the affordance 
of the instruments, and then finalising the design engagement interface. The instru-
ment development stage is a non-linear loop-based iterative process. The instrument 
development steps itself is a reflective process where the design decision on instru-
ment development depends on testing and self-evaluating approaches. Finally, the 
design engagement step, where the designer has to design the experiment setup to 
involve the non-experts in the design process and collect data from the engagement.

6. Interfaces for urban design

Here, two different scenarios have presented the immersive quality and the 
nature of communication. The instruments possess their specific quality of percep-
tual understandings of the artefacts in the virtual environment and, they also offer 
different ways of generating those artefacts. These differences instigate the needs to 
develop the design tasks along with the possible interaction with the users.

6.1 Immersive instrument

In 2019, an immersive virtual instrument developed to involve community 
people in the early stage of designing their neighbourhood [2, 14]. In the beginning, 
an initial preliminary survey conducted to identify the interest of the people. The 
research looked at a low-density suburb based in Wellington, New Zealand. The 
study looked at the local city council’s charrette report to understand the design 
problem. The survey also helped to develop the design engagement tasks. These 
steps helped to understand the design engagement context. Then, in the instrument 
development stage, the designer had to select the right tool by empathising with 
users’ possible interactions. This step was iterative. Several virtual software with 
different perceptual understandings 2D and 3D investigated to find a flexible tool 
for intuitive design generation of virtual artefacts. An immersive virtual instrument 

Figure 3. 
The framework.
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Figure 5. 
Laypeople’s participation in virtual co-urban design.

had been chosen, where the virtual 3D artefacts generated with the movement of 
the hand devices. A design collaboration set-up developed for participants to design 
as a team (Figure 4). Finally, a protocol analysis conducted to investigate the type 
of design communication [15]. Figure 5 shows some moments of the immersive 
environment of the users and the participants from the community. The result 
showed that the employed immersive iterative 3D artefacts provide predictive 

Figure 4. 
Design collaboration unit.
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and explanatory power for understanding the interaction. The design discussion 
progressed when every designer’s action produced visual information and initiated 
the next level of design action. It happened due to successful design communica-
tion media, which provided continuous visual feedback to the co-designer. The 
design task and the set-up of the experiment oriented designers to create building 
forms. Designers mutually construct conversation moment by moment as a form of 
interactivity through their use of verbal exchange and design action. The employed 
virtual environment (VE) design process reflected design actions and negotia-
tions between designers. VE design communication happened due to the presence 
of design interactions. It resulted from human-computer interactions, where the 
computer produced 3D artefacts in the VE and eventually provided visual feedback 
to take design actions and initiated design discussion among designers.

If we see the instrument development stages, it can be seen that the success of the 
research depends on the type of software selected and the way design tasks was dealt. 
To do that, the designers had to empathise the possible ways of users’ interaction. This 
step requires frequent testing with all other possible instruments. Developing the design 
task is another challenging part of such creative engagement. The task should have 
relevance to the design problem. The virtual representation of the urban environment 
also had the quality to deliver the resemblance of the 3D artefacts with the actual urban 
setting. Thus, the participants felt that they designed for their future neighbourhood.

6.2 Non-immersive instrument

In 2018, a non-immersive 2D interface was developed to generate the urban 
form based on parameters related to building height, plot ratio, land division, 
construction cost, and building width [16]. It scripted in ‘Grasshopper3D’, which 
is a visual programming platform in Rhino. The developed script relied on a set 
of rules and instructions that could generate the desired outcome. The interface 
offered various site-specific variables which could be modified in terms of number 
in the sliders (Figure 6). In one stage, the script had been extended for online 
collaboration. The development of the instrument started with understanding the 
design context. Same as the immersive one, it dealt with the same neighbourhood 
in Wellington. The initial survey helped to understand the design problem. Then, 
we had to identify the urban parameters translated into the visual programming 
platform in the instrument development stage. In this case, the parameters in 
the sliders were building height, plot ratio, land division, construction cost, and 
building width. The users could play with those parameters and could visual the 
generated urban forms in the interface. While developing the instrument, several 
self-evaluation steps explored. These steps required the empathising attitudes 
on possible users’ interaction. The study did not get enough data to report on the 
users’ performance. However, it shows a viable way to involve design experts to 
develop the computational interface for non-experts to be a part of the design 
generation.

There is some limitation of this kind of interface. Due to the non-immersive 
interaction, the design tasks are basically controlled by the given parameter of the 
interface. The users had to decide on the generated urban forms without knowing 
how one parameter affected the others. Mostly, the users choose by playing with the 
numbers in the sliders. As the changes happen by the system, it is hard to affili-
ate with the new scenario by the decision taken on the parameters. These lose the 
connection of design decisions. Besides, the relationship between the parameters 
building height, ratio, cost and land division controls the design outcome, which 
lacks the intuitive nature of design generation. However, this interface allows taking 
decision in urban planning scale, which is ineffective in the immersive instrument.
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7. Interface for product design

The interface developed for the product design is an online platform to generate 
parametric furniture. The interface developed in ‘Grasshopper 3D’ with its web-
based extension ‘Shapediver’. Similar with previous cases, defining the parameters 
for design interaction was one of the main tasks for the designer. The designer had 
to identify the parameters that could potentially modify geometry in relation to 
material cost (Figure 7). The users took their design decision based on negotiation 
between price and design. The instrument development started with empathising 
with the interface. As a part of testing, the survey conducted with seven partici-
pants. The task had been given to produce furniture which would cost less than 
500 NZD. The online interface sent to the participants, and they generated the 
design by playing with the parameters and sent the model to the designer through 
the ‘send the model’ button. The users developed design options that were differ-
ent to each other (Figure 8). The design variations show that the interface and its 
technological affordance can let first time users produce geometry on their choices. 
Though the perceptual understanding of the geometry is not in an immersive 
environment, the interface enables them to take relevant design decisions on the 
outcomes.

The study also explored in the remote collaboration environment. Designers 
continued their discussion through a text-based chat protocol. Designer A used 

Figure 6. 
Internet based 2D interface for urban form generation and collaboration.
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the desktop-based 2D interface to generate the furniture while designer B saw 
the instant outcomes through a screen share and provided responses in a chatting 
system (Figure 9). The collaboration aspect in this scenario is not instantaneous but 
working in an internet-based communication protocol. The users who have access to 
design commands need to familiarise with the interface and its opportunities to take 
design decision following the suggestion from the other end users. The co-designers 
are not getting control over their decision as one person decides on the other side of 
the network. There is a lack of affiliation exist in the system. However, the design 
set-up seems to be efficient in any remote settings.

Figure 7. 
The parametric furniture design interface.

Figure 8. 
The generated design options.
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8. Discussion and conclusion

Developing an instrument for end-users design interaction and participation 
requires experts’ contribution to identifying the design problem, developing the 
task, and the instrument. These are evident in any design thinking approach. 
Experts play a significant role in determining the problem by empathising with 
evidence-based input through a survey or other recorded resources. They also 
need to synchronise the design task with the design problem of the context and 
the instrument. At the beginning of selecting the computational instrument, the 
experts rely on self-evaluative techniques to empathise with users’ possible interac-
tion. In cases, they test with participants to assess the system. Above, the three 
examples have not informed about those initial testing elaborately; however, the 
framework indicates the scope of possible ways of initial pre-testing before inviting 
the non-experts in the creative engagement. Besides, to develop any computer-
aided design instrument, the experts also need to know how the computer system 
can deliver an interface for first-time users. Usually, finding the design problem 
is the designers’ (both architects and urban designers) tasks; however, to deliver 
a computer-aided instrument, they need to understand the working process of a 
computer system. All the investigations show that, in this digital era, designers 
now need to understand the computer tools and their scope of communication to 
involve non-experts in the design process. The studies also demonstrate how virtual 
artefacts can influence users’ perceptual understanding in the VE. Generally, the 
nature of design decisions depends on the interface types and their quality of visual 
communication with the users. The users decide on their design action against the 
instant visual feedback they get in the VE. If the interface is a 2D desktop, in that 
case, the interaction happens in a non-immersive environment, where the percep-
tual understanding of the 3D artefacts remains as scalar objects of the representa-
tion. In the immersive virtual environment, the users get a perceptual experience 
of the design content in full-scale. That means, whether the interface 2D or 3D, it 
is evident that interfaces offer easy manoeuvring systems to the non-experts. In 
addition, the collaborative design setup allows them to act as a design team to take 
decisions as co-designers. In conclusion, for all cases, the design thinking frame-
work follows the steps of a defining problem with a participatory mindset, select-
ing a tool with relevance to the design task, testing the instrument and designing 

Figure 9. 
The remote collaboration design unit.
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the engagement pattern. These are the principles for any design thinking research, 
where the experts with computer-aided design generation in architecture and 
urban design would make the process inclusive and informed.

Disrupted digital technology is already changing the way architecture is 
designed and built. Now, the architecture of industrialization has replaced by the 
architecture of information. These profound changes are primarily centred on 
the foundations of architectural practices, such as representation, information 
management, and virtuality. Besides, the revival of social reformation encourages 
the inclusion of participatory design approach in the architectural design process. 
To continue a design process without creating repetition and to avoid homogeneity 
and recurrence of the same, one needs to reinvent the design continuity through 
the spontaneous participation of people. It means design iteration can be spontane-
ous if people are engaged in the design process. The recent advancement in the 
computing power of digital technology supports the continuity of design iteration, 
which possesses representation techniques for non-experts to involve in the design 
process. Such technology-driven design representation and iteration tools allow 
non-experts to participate actively in design ideation and generation stages. It 
reduces the power gap between non-experts and experts and changes the role of 
experts from designers to system designers.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Chapter 10

Plenum a la Mode - Augmented 
Reality Fashions
Geoffreyjen Edwards, Jonathan Caron-Roberge, 
Dominique Michaud and Jonathan Proulx Guimond

Abstract

Inspired by ideas portrayed in science fiction, the authors sought to develop 
a set of augmented reality fashions that showcased scenes from a science fiction 
novel recently published by the principal author. The development team included 
artists and designers, a programmer, and the writer. Significant technical challenges 
needed to be overcome for success, including fabric construction and manipula-
tion, image enhancement, robust image recognition and tracking capabilities, and 
the management of lighting and suitable backgrounds. Viewing geometries were 
also a non-trivial problem. The final solution permitted acceptable but not perfect 
real-time tracking of the fashion models and the visualization of both static and 
dynamic 3D elements overlaid onto the physical garments.

Keywords: augmented reality, fashion, belts, tracking, visualization, weaving, 
integration

1. Introduction

As a writer of science fiction, one of us (Edwards) has written about the use of 
dynamically changing skin-tight garments in a future civilization. In the scenario 
worked out in this fictional world, the first volume of which is called Plenum [1], 
these membrane-like garments protect their wearers from the hardships of the 
vacuum of space, but they also incorporate nanotechnologies that allow surface 
patterns to change and swirl across the surface of the skin, or even to extrude into 
the third dimension.

Inspired by these ideas, and also by earlier work as a fashion designer on the part 
of Edwards (see collections at www.geoffreyjenedwards.com/fashion-design), a 
small multidisciplinary group was pulled together from different backgrounds and 
abilities to prototype garments that do this. Rather than using nanotechnologies, 
which aren’t advanced enough to permit this kind of application yet, we are work-
ing with augmented reality (AR) technologies instead. Michaud is a student with 
training in mathematics who has retrained in the textile arts, Proulx Guimond is 
a visual artist with training in 3D design and animation, and Caron-Roberge is a 
programmer.

Augmented reality is beginning to be used by certain avant-garde fashion 
designers and artistic visionaries [2]. Like many emerging technologies, the tech-
nical challenges are considerable. The field of augmented reality capabilities has 
progressed rapidly in the past decade, but there are still major issues that are not 
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easily resolved to support real-time AR visualization in a robust artistic perfor-
mance setting.

In this paper, we shall describe the application context, the particular choices 
made, and the technical challenges we overcame in order to present a real-time 
fashion show in front of a live audience, showcasing our designs.

2. Augmented reality technology

Augmented reality is achieved by providing elements in a scene which can be 
recognized by computer vision software and tracked over time [3]. Once recogni-
tion has been obtained, the coordinates associated with the recognized image, 
including its orientation in space, then become the anchor point for overlaying 3D 
virtual reality elements in relation to this anchor point. Often AR involves careful 
design to ensure that the virtual elements merge seamlessly into the real elements 
from the observer’s perspective, so that it becomes difficult to distinguish what is 
real from what is virtual. That is the magic of AR, that it provides an enhanced or 
enriched image of the real world.

The task of creating computer vision software to do the recognition and track-
ing is a formidable one. Fortunately, a number of APIs now exist that do a lot of the 
basic work, and instead the programmer can focus more on the interface design and 
visual integration, which is also a challenging problem. We selected the Vuforia™ 
API after studying several alternatives [4]. This API is sufficiently mature to sup-
port robust work in AR. On the downside, however, it offers few possibilities for 
adjusting the recognition parameters. In a sense it must be treated as a black box.

In earlier work, we used artificial high contrast patterned targets, such as the one 
shown in Figure 1 [5]. Indeed, following numerous studies and trials in the early 
years of work on AR, these patterned targets had become the de facto standard for 
ensuring reliable recognition and tracking [3]. However, although these patterns 

Figure 1. 
Example of our initial effort using a printed pattern target.
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still provide the best targets, the APIs now support non-standard targets - in fact 
anything that offers high contrast in an asymmetrical pattern can act as a target. 
Furthermore, Vuforia offers a cylindrical recognition mode. Essentially, instead of 
recognizing a flat target, the software will recognize a cylindrical target, which can 
be tracked even as it turns, thus allowing virtual elements to be added in relation 
to the cylinder which follow as it turns. For applications involving garments, this 
is ideal.

We use the Unity Game Engine™ as our programming or interface environ-
ment. Unity provides a stable, robust, integrative framework for immersive reality 
projects, and interfaces directly with Vuforia [4]. We have used it in the past for 
both virtual reality [6, 7] and augmented reality applications [5].

3. The fashion event

As indicated earlier, we conceived of an event that would both showcase the 
fashion designs and also the science fiction books which inspired the creation of 
these garments. As a fashion designer with several collections, Edwards had experi-
ence mounting fashion shows. We therefore conceived of an event built around 
the idea of a fashion show, that is, with a runway, models, and successive reveals of 
different garments, combined with music, an audience, and lighting ambiance. The 
event, however, also sought to integrate elements usually associated with a book 
launch, that is, excerpts to be read, copies of the book available for purchase and a 
book signing activity. Finally, we also undertook to develop additional representa-
tions of the event via video, and an app that could showcase some of the designs 
developed. These could serve both to document the work achieved and also act as 
marketing tools for the event and for the books that inspired the event.

Edwards selected several excerpts from Plenum that both acted as examples of 
the writing but also highlighted settings which could be visualized. We therefore 
conceived of four scenes (initially three - one was added later in the development) 
that would be presented. For each scene, we designed a different belt using colors 
and textures that matched those of the scene. Some of these original design choices 
were modified however, over the course of the work, as a result of changing condi-
tions external to the work itself (and in particular, constraints imposed by the 
Covid19 pandemic, which struck about six months into the work).

The three initial scenes selected were (a) the approach by the main character to 
an artificial habitat build around a small moon or moonlet, (b) the climactic final 
scene which takes place in the vicinity of a sun, and (c) the large spaceborne plat-
form called the Annex within which the main character spends most of the time. 
The scenes also include two kinds of ship, artificial ships and organic ships called 
jonahs, which are descendants of Earth-bound sperm whales. The fourth scene 
eventually added was to showcase the kind of dynamically shifting skin textures 
described in the books. For this we selected a fractal pattern.

Here are examples of the first two excerpts [1]:
Excerpt #1: “The Rock, as its residents named it, was some fifty kilometers in 

diameter … Naively, one would have expected vertical structures pinned onto the 
Rock, but the Yard was structured horizontally rather than vertically. Instead of 
spires, it consisted of folded sheets through which poked a large, rounded section 
of the Rock. It had slightly more gravity than a true microgravity environment, but 
at humorn tempo, objects still settled quickly enough to notice. If you left things 
floating, they drifted downwards at a stately pace, but the oblique angle of the 
sheets often made the downwards direction something other than the apparent 
vertical!”
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Excerpt #2: “Vanu boarded the flyer, and piloted it across the short distance 
to the access port for the Wellhead. This was an egg-like structure which looked 
to be tethered to the star by a gossamer thread that dropped away beneath it. The 
construction looked ungainly, a beached whale thrown up by the seas it served, 
although Vanu had to dampen the brightness of hir visual field to even perceive 
it properly. Vanu also had a momentary thought about what the Wellhead rep-
resented. It was like a guardian, or a gatekeeper, a Saint Peter at the pearly gates, 
not just to support those who went down into the Core, but also to screen out the 
unworthy.”

4. Fashion and textile choices

Although our end goal is to create full body AR fashions, for technical reasons 
this is still too ambitious an undertaking. Obtaining one set of AR elements to 
follow the garment is already a significant challenge. So we have focused on the 
creation of a set of belts. One of our reasons for choosing belts is a consequence 
of the technology we are using, that is, the cylindrical recognition feature of the 
Vuforia API. However, it took considerable experimentation to work out how to 
do this efficiently. For example, although we earlier used patterned targets printed 
on paper (Figure 1), we wanted to develop fabric-based targets, but fabrics have a 
stitch structure that acts to effectively degrade the contrast and resolution features 
of the target images.

Tests with different woven fabrics were undertaken first to determine which 
features are best for ensuring recognition by the Vuforia software. The image used 
must be non-repetitive and asymmetrical as well and must favor sharp linear edges 
rather than curves. Experimentation showed that high contrasts are required for 
the Vuforia recognition and tracking software to function effectively. Furthermore, 
recognizable scene elements must be evenly distributed across the cylinder to 
ensure the belt can be tracked adequately over time and body movement. Some 
occlusion, for example from the arms and hands, can be tolerated without los-
ing the tracking lock. We initially tested printed images such as the one shown in 
Figure 2.

Although the Vuforia API supports a range of possible cylinders, for our applica-
tion we needed a wide, relatively narrow cylinder, since it was to be worn as a belt 
and remain flat in its lengthwise dimension, thereby keeping its design stable. After 
some experiments varying the width of the belt, we found that it needed to be at 
least 15 cm wide to provide a reliable recognition lock. This is wider than most belts, 
but there are many examples in fashion where belts of that width are used. We also 
discovered that the Vuforia API was happier if the belt had a high contrast edge (see 
Figure 3).

Images can be pre-tested in Vuforia before they are definitively used. Essentially, 
Vuforia in its test mode can provide a map of recognized points (Figure 4, 

Figure 2. 
Example of a printed image used to test the cylinder recognition process.
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corresponding to a segment of the belt shown in Figure 3). Hence if the density of 
recognized points is too weak, the image can be further manipulated to enhance 
recognition, but only up to a point. Furthermore, in the case of a woven belt, such 
as shown in Figure 3, modification poses a challenge. Although we tested the scene 
recognition initially using printed images (e.g. Figure 2), the final tests had to be 
done with the finished weave, as the Vuforia software is sensitive to small defor-
mations in the image. However, once the weave, itself a time- consuming step, is 
finished, further correction is difficult. Since some contrast is lost with the move 
to the woven image, we had to be creative to seek better recognition at that stage 
of development. We did attempt to further enhance the contrast using embroidery 
techniques, but ultimately the solution was of a different nature (see the discussion 
below concerning the background).

Weaving complex scenes such as the image of the lunar surface shown in Figure 3 
could be done accurately on a Jacquard loom. Although there are a number of Jacquard 
looms in Quebec City, access to them proved to be difficult (and would have been 
virtually impossible once the pandemic arrived). Fortunately, Michaud had completed 
a degree program in the textile arts and was able to use a range of different techniques 
to achieve similar results.

Considering the restriction of available equipment, Michaud used her own 
four-shaft jack table loom to test three fabric designs; overshot, shadow weave, and 
a double ikat-like technique (without resists). Cotton was used, as it is easy to find, 
does not stretch, is affordable, and can be dyed if necessary, with thread counts of 
16/2, 8/2, and 8/4. Overshot in black and white, with the bigger thread 8/4, proved 
to be the most effective. However, the results were deemed too abstract for the 
project, so a compromise was made for a more pictural solution, using a double Ikat 
technique [8, 9], which offers a way of painting the threads before they are woven. 
Tests were undertaken to determine the appropriate weave density and to validate 
the painting techniques.

The second belt produced used an image of the solar surface (Figure 5). 
Recognition was generally stronger than it had been for the lunar surface (Figure 6). 
The belts for scenes 3 (space habitat) and 4 (fractal textures) are still under develop-
ment. More details will be given below, since other parts of this work are in a more 
advanced stage of development.

Also, in order to ensure recognition, the belts needed to be reinforced to make 
them stiffer. Otherwise, they would bend to conform to body shape and thereby 

Figure 3. 
The finished moon belt with its black edging.

Figure 4. 
Recognition results for the moon belt.
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distort the image viewed by the Vuforia software, disrupting recognition. A canvas 
backing was therefore added to the inside of each finished belt. The belts are 32 in. 
in circumference, that is, they were designed for the slender physique of most 
fashion models, and an elastic closure was added so that they can be adjusted to 
different sized waists. Experimentation has shown that the presence of a small gap 
in the image at the back does not appear to disrupt the recognition and tracking, nor 
does a small overlap.

Each of the four scenes is characterized by a different color palette. This was, 
of course, intentional, to give a distinct character to each scene/belt combo. The 
lunar scene presents yellow and orange elements, while the solar scene is more red 
and orange. The platform itself is gray, but the nebula is predominantly blue and 
green with splashes of red, purple and yellow. For the fractal scene, we decided to 
produce the patterns in blue and white rather than black and white. This gives its 
corresponding belt a distinctive color.

5. 3D virtual elements

As illustrated in the excerpts given above, the scenes depicted are highly visual in 
nature. Proulx Guimond is a visual artist with whom Edwards had worked previously. 
Indeed, he developed the cover art for the novel, Plenum [1]. He created 3D scenes 
for each of the four situations. The scenes were designed so that they would integrate 
with the visual appearance of each belt. Hence the lunar scene was anchored to the 
belt which presents the surface of the moonlet itself (Figure 7), showing as extru-
sions of the artificial city constructed around the moonlet (in yellow). For each scene, 
we planned three distinct elements, first a static 2D visualization, second a static 
3D visualization and finally a dynamically changing 3D visualization. The dynamic 
elements added to the depiction of the moonlet and its artificial extrusions were the 
arrival of starships which would dock with the city.

In the second scene, the heliocentric orbital station is modeled (in exaggerated 
scale, since it would normally be too small to see at the scale of the sun) along with 
the surface of the solar photosphere with its sunspots. Furthermore, the dynamic 
elements included the jonahs and a solar flare made for a dramatic and flamboyant 
event within the whole sequence. To provide the fashion representation with more 
drama, the orbital station was situated on a diagonal with respect to the solar surface.

Figure 5. 
The finished solar belt with its black edging.

Figure 6. 
Recognition results for the solar belt.
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In the third scene, the main focus was the spaceborne platform itself, again, 
oriented obliquely with respect to the model’s body and extruding from this 
(Figure 8). The platform includes a dock and two rotating cylinders used to 
provide pseudo-gravity to its occupants. Here, again, jonahs are seen moving past 
the structure, along with an octopus who is also one of the main characters in the 
story. The platform is viewed against a colorful emission nebula in the background, 
and here the dramatic event is the swirling movement of the nebula under time 
acceleration, the spinning of the cylinders and the movements of the jonahs and 
octopus.

The 3D graphics were created in 3DS Max™ and eventually transferred to the 
Unity environment. Efforts were undertaken to make the render of the visual 
as light as possible to ensure real time updating of the scene elements. This was 
achieved by reducing the complexity of the scene to its bare minimum, that is, 
incorporating only a small number of simple elements, and limiting the number of 

Figure 7. 
3D image constructed for the lunar scene.

Figure 8. 
3D image constructed for the space platform scene.
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different materials and textures used. In addition, the animated sequences were also 
kept to a minimal complexity.

The visual integration of the virtual scene elements with the physical belt and, 
indeed, the body of the models required further adjustments once all the ele-
ments were in place and fully integrated. The integration, as outlined below, posed 
significant challenges since the majority of the work was carried out individually 
under lockdown conditions over the course of 2020 and the first half of 2021, that 
is, during the midst of the Covid19 pandemic. Indeed, at one point we considered 
doing the fashion show as a purely virtual event. However, the initial impetus for 
the project was for a show with live audience, and we remained convinced that the 
full impact of the AR technology consists of its use in real time in the presence of 
a physical audience. We therefore decided to delay the event itself until it could be 
performed live. As a consequence, however, this paper is being completed before 
the final presentation event.

6. Garment tracking

Testing of our efforts to integrate the tracking software with the belts revealed a 
succession of challenges. We found that the software was temperamental in its abil-
ity to recognize the belt patterns, even though initial efforts had been successful. 
Good lighting turned out to be an important element in ensuring this recognition. 
Once recognition was achieved, and the virtual elements reliably overlaid on top 
of the optical image, it would retain the lock for a certain set of manipulations, but 
eventually the lock would be lost when viewing conditions became less than ideal 
(for example, if the person wearing the belt moved too far away from the camera). 
The model would then need to move in close, or image viewing parameters other-
wise manipulated, until a recognition lock could once more be obtained. At first, 
the virtual image was stable only for short intervals. We introduced some persis-
tence into the visualization, so that even when the recognition failed, the virtual 
objects would persist a second or so. This sometimes results, however, in a jerky 
movement of the virtual elements in relation to the model’s movement.

Effective integration also required introducing occlusion effects. Hence, we used 
the belt’s cylindrical shape to create an occlusion model and used this to hide virtual 
elements as they ostensibly moved behind the body. Without intentionally occlud-
ing the virtual elements in this way, they were perceived as always being in front of 
the model, breaking the illusion.

As the model moved, the location of the virtual elements would often lag behind 
the model. We used a cube-like envelope to test these issues. We eventually discovered 
that we had been testing the performance of the visualization against “busy” back-
grounds. Much of the early testing was done in a living room or kitchen viewed on 
Zoom. When we met and did tests outside, the same problems persisted until we chose 
a uniform background. At that point, many of the tracking problems diminished. After 
that, we chose uniform walls for testing. Feature-filled backgrounds clearly confused 
the recognition software, causing it to lose its lock more frequently. Once this problem 
was identified, lock persistence, although not perfect, became acceptable.

At one point we also sought to use an accelerometer and Inertial Motion Unit 
(IMU) that could be integrated into the garment as another source of data to help 
stabilize the imaging. Our efforts in this direction failed to generate the necessary 
stability, however, and the effort was abandoned.

Another strategy we eventually developed to ensure longer lock persistence was 
to restructure the viewing geometry using a second camera feed. Essentially, we had 
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been using the same camera image as the source for recognition and to serve as the 
support for the visualization. Our realization that Vuforia must degrade the image 
somewhat during processing, a realization that followed its lack of sensitivity to 
difference resolution webcams, led us to segment out of the image the region sur-
rounding the belt and provide this image segment to Vuforia in a separate camera 
feed instead of the full image (Figure 9). This resulted in better recognition at a 
wider range of distances. Hence, for example, in our earlier attempts a distance of 
about a meter was required to ensure a recognition lock, but after the segmentation 
step was added, a reliable lock up to three meters could now be achieved.

Recourse to a more complex set of processing options such as described here 
meant, however, abandoning our commitment to permitting the use of a tablet or 
smartphone for viewing the AR scene. In the final configuration, we need access to 
a full computer, although a laptop is also acceptable.

7. Final integration (including music and staging)

Each belt is used to anchor its corresponding scene—indeed, each scene was 
designed so as to align the final appearance including the moving model with the 
esthetics of the 3D images. In principle, this means that several belts and animations 
could be viewed simultaneously. In practice, however, since each set of animations 
requires significant computing power to render in real time, we preferred to keep 
each presentation separate. Furthermore, the belts are worn with a white top to 
provide a canvas over which the 3D visuals can be overlaid.

The final integration of the 3D graphics with the physical belts are shown in 
Figure 10 for the lunar belt and Figure 11 for the solar belt. As indicated earlier, two 
additional scenes are under development, one involving a large space platform and 
the other a dynamically changing costume incorporating fractals. The 3D images are 
almost complete and the belt development is in its final stages. With the relaxation 
of lockdown restrictions currently underway, the organization of the event itself is 
also now possible.

A staging scenario was developed for the presentation in front of a live audience. 
This script included information on the timing of each segment. This was necessary 
also to assist in the development of the music accompaniment. At this point in the 
development of the event, the music has still not yet been finalized. However, we 

Figure 9. 
Image of the finished lunar belt in situ along with image subset used for recognition.
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are proceeding as we have in previous projects, which is to mash together public 
domain samples of music into a coherent and dynamically interesting whole [6].

The total duration of the final show is estimated to be about 40 minutes. 
Following an introduction, the presentation of each of the four belts cycles through 
the three levels of visualization (static 2D, static 3D and dynamic 3D), along with 
the reading of the text excerpt, and hence each belt takes about ten minutes to 
present. After the individual belts are presented each in turn, the four belts are 
presented together in a kind of finale, without the full dynamics so as to render the 
processing tractable and with an additional excerpt. Following the conclusion, a 
book signing session is expected to be announced.

Our plan is also to stream the event for virtual participants. Indeed, the  
book publisher is located in Boulder, Colorado, and both collaborators and 
other interested parties are located there. Streaming became a de facto standard 
with the pandemic, and we retain that here. In addition, we are developing an 
app which will allow the 3d scenes to be viewed independently of the belts, as a 
value-added product to be made available to individuals as part of the marketing 
of the book.

Figure 10. 
3D image for the lunar scene integrated with the physical belt in situ.

Figure 11. 
3D image for the solar scene integrated with the physical belt in situ.
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8. Conclusion

In summary, our Plenum A La Mode event constitutes a unique amalgam of 
different ideas and technologies that straddles the artistic, scientific and techno-
logical worlds. The technical challenges in terms of obtaining reliable recognition 
of the fabric belt patterns, tracking the belt over a complex set of manipulations 
and movements in real time, and visually integrating both the optical scene with 
virtual three-dimensional enhancements were considerable. Furthermore, the 
project required the close collaboration of several individuals with different areas 
of expertise to achieve the desired results, including the writer, event and fashion 
designer (Edwards), 3D graphics artist (Proulx Guimond), textile artist (Michaud) 
and programmer (Caron Roberge). Another colleague with expertise in the devel-
opment of music is also working with us, Jocelyne Kiss.

Among the challenges addressed and overcome were the introduction of occlu-
sions using the belt cylinder as a model, so as to create the illusion of virtual ele-
ments passing behind the model’s body, the provision of stable and good lighting 
conditions to ensure robust target recognition, the use of uniform backgrounds so 
as to limit confusion for the recognition software, the use of a second camera feed 
so that the tracking could be carried out independently of the scene enhancement, 
and the introduction of persistence to enhance the stability of the visualization of 
the virtual elements and prevent loss of the recognition lock.

The final result of these efforts provides acceptable, but not perfect, real time 
augmented reality image enhancements. The virtual elements experience a small 
amount of jitter while the software tries to track the belt, and if the movement is too 
rapid, the model passes behind a visual obstacle, or simply moves too far from the 
camera, the recognition lock is lost and the virtual elements disappear until a new 
lock is acquired (generally by moving towards the camera and holding still). The 
public staging requires the use of a desktop computer of relatively strong power, 
loud-speakers and a webcam. Our expectation is to project the enhanced image onto 
a screen as the model parades along the runway. The belts are themselves estheti-
cally interesting as well as serving as target patterns for the augmentation.

Ultimately, we believe that more complete full body augmentations could be 
achieved using several targets integrated into the garment design. These might 
include flat targets in some areas, such as across the chest or back, as well as addi-
tional cylindrical targets for, example, around the thighs and arms. The augmented 
images would need to be matched to each other and integrated visually into a 
seamless whole, which will pose many additional technical challenges to the ones we 
encountered. Details of the final fashion show event will be made available through 
the principal author’s website at www.geoffreyjenedwards.com.
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Chapter 11

Augmented Reality as an 
Emerging Technology to Promote 
Products and Services
Alex Pacheco, Kevin Sánchez, Rosario Pariona, 
Nestor Cuba and Bertha Larico

Abstract

Augmented reality is a technology that provides more interactive advertising, 
where you can manipulate and be part of it with greater clarity and empathy as pos-
sible. In times of the digital era, companies in the retail sector face a new consumer 
profile, more digital, more aware and more informed, so companies are in constant 
competition to impress their customers. That is why this research seeks to describe 
the importance of augmented reality to promote products and services as an inno-
vative alternative that captures attention and influences the customer’s purchase 
decision. The research is of an experimental, quantitative and quasi-experimental 
design with a non-probabilistic sample whose evaluation instrument was a self-
elaborated questionnaire that was applied to 60 randomly chosen Marketing man-
agers from the retail sector. Obtaining as a result that augmented reality improves 
the level of engagement with the brand, generates greater added value and improves 
the level of innovation in advertising campaigns. What contributes to generate a 
different and innovative experience to advertise products and services through an 
emotional connection with people through mobile devices.

Keywords: augmented reality, benefits, promote, products, services,  
emergent technology

1. Introduction

Augmented reality is an emerging technology that allows improving the sale 
of products and services through the use of applications on mobile devices [1], 
highlighting the ease, usefulness and compatibility of use [2]. It helps to position 
itself in the minds of consumers, generating a differentiating factor with greater 
acceptance over competitors [3]. Likewise, Pizarro et al. [4] and Ore et al. [5] 
defines augmented reality as the technology that combines virtual information 
with a real scenario. Furthermore Schmalstieg and Höllerer [6] indicates that 
augmented reality meets three characteristics: a) combine real and virtual elements; 
b) interactivity in real time and c) alignment in 3D, helping to immerse the user in a 
computer-generated world, allowing an experience free of restrictions [6].

The advertising used in traditional channels has little impact, therefore, 
advertising campaigns with emotional content are developed, such as the case of 
school dropouts, which manages to sensitize users. Therefore Bassat [7] defines 
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traditional advertising as the art of convincing consumers by visualizing the 
benefits of the product or service. However, at present it is difficult to convince 
the user through traditional means, which is why Alexander [8] indicates that 
digital advertising transfers traditional advertising to a digital world through 
social networks, websites, streaming and mobile applications, to which Cardona 
[9] recommends using the A / B test, which consists of developing two versions 
of a product to measure which one works better. On the other hand Pizarro et al. 
[4] presents advertising with augmented reality in the form of three-dimensional 
images, offering the consumer an experience that builds loyalty and generates a 
lot of expectation in the audience. Companies face a generation of customers who 
use information to purchase a product, which according to Godas [10] and Castilla 
et al. [11] are means that satisfy consumer needs and stimulate demand; and on 
the other hand, the services that according to Morales [12] and Chamilco et al. [13] 
is a process that consists of interaction activities between a good and the client. In 
this way, Bajaña et al. [14] indicates that companies should invest in advertising 
with augmented reality based on innovation. However, the target audience wants 
to interact with the product from a virtual environment to bring a personalized 
experience from home [15]. For this reason Pizarro et al. [4] proposes to use C ++ 
that allows the development of applications with three-dimensional animations 
and that works on mobile devices. Thus, augmented reality helps promote products 
and services in an innovative way, generating positive experiences through images 
on real environments, it also promotes electronic commerce by highlighting their 
characteristics [16].

In Spain, Moral et al. [17] carried out an investigation on new digital advertis-
ing strategies for young people such as advergaming that causes an emotional 
and affective immersion in the game, tabvertising that disseminates personalized 
and interactive advertising content specifically on tablets and smartphones and 
ARvertising where consumers interact with the product and personalize content 
from playful experiences with 3D resources, stating that advertising campaigns use 
augmented reality to increase sales in companies, allowing the user to experience 
the product through a virtual projection from mobile devices. Also in Ecuador, 
Bajaña et al. [14] investigated augmented reality in advertising, prospective for the 
Ecuadorian market that indicates taking advantage of the resources of the digital 
age without neglecting advertising content so that users experience a social connec-
tion with the brand, indicating that this technology is a trend with a future projec-
tion. In addition, it is revolutionizing and diversifying businesses, demonstrating 
the technological advance in first world countries. In Peru, Córdova and Jurado [18] 
in their research on augmented reality as an innovation in advertising media, they 
affirm that there was a greater acceptance of multimedia content, generating that 
55.23% of the public recommend the use of augmented reality in the advertising 
because it helps interaction with images and videos.

In Spain, since 2007 little written advertising has been carried out due to the 
closure of 40% of existing newsstands due to the digital transformation and 
change in user habits; The custom of obtaining information through the internet 
has developed with the word “free” in mind [19]. In Mexico, fast food companies 
launched the “McBurritos” campaign, generating a negative impact on users for 
not respecting the country’s traditional recipes. Advertising campaigns must be 
carried out under a user approach, that is, they must emotionally identify with the 
target audience. In Peru, clothing and accessories stores launched the #ModoCama 
campaign, causing discomfort in users because they describe an Afro-descendant 
person as messy and dirty. Whenever there is an advertisement, it must respect 
ethnicities, religions, races and sex [20].
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Currently in the Peruvian market, companies seek to increase sales of products 
and services, they need to position themselves in the minds of consumers. They use 
advertising through traditional and digital channels, but do not have the desired 
impact to achieve an emotional connection with customers. The advertising campaigns 
present a moral and ethical content that manages to raise awareness about the issue 
at hand, but fails to persuade the customer to purchase the product or service. There 
is a new generation of consumers who use more information and want to interact 
with the product without physically having it to make a purchase decision. This type 
of consumer seeks to get closer to the product to verify its effectiveness and quality. 
In this sense, augmented reality and marketing are valuable allies for the growth of 
the brand. Therefore, the objective of this research is to describe the importance of 
augmented reality to promote products and services as an innovative alternative that 
captures attention and influences the customer’s purchase decision, helping to generate 
a different and innovative experience to advertise products. and services through an 
emotional connection with people through mobile devices. This research describes the 
importance of augmented reality to achieve interaction with the consumer, personalize 
content, enjoy a new experience and stand out from the competition.

2. Method

The method used in the present investigation is of an experimental, quantitative 
and quasi-experimental design. The sample consisted of 60 Marketing managers 
from the retail sector, the technique used was the survey and as an instrument the 
questionnaire about the independent variable augmented reality with its dimen-
sions of engagement, innovation and expectations of use with a total of 15 questions 
and the dependent variable promotion of products and services with the dimen-
sion level of innovation. The Likert scale was used as a data collection instrument, 
which was validated by the judgment of experts with a reliable questionnaire and 
Cronbach’s alpha coefficient of 0.966.

3. Results

The questionnaire was applied to a total of 60 managers from the Marketing 
area, chosen for convenience. Based on the results, the following is presented:

Table 1, shows the results about the engagement dimension of the augmented 
reality independent variable, 20.00% indicate that the level of engagement is 

Levels Frequency Percentage

Deficient 0 0%

Bad 5 8.33%

Regular 12 20.00%

Good 18 30.00%

Very good 25 41.67%

Total 60 100%

Source: Own Elaboration.

Table 1. 
Level of engagement generated by augmented reality.
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regular, 41.67% affirm that it is very good, 30.00% state that it is good and 8.33% 
considers it bad.

Table 2, shows the results about the innovation level dimension of the aug-
mented reality independent variable, 28.33% indicate that the level of innovation is 
regular, 33.33% consider it good and 38.33% affirm that it is very good.

Table 3, shows the results about the expectation dimension of use of the same 
variable, 31.67% indicate that they personalize the brand or product, 28.33% 
consider that they make better use of technology, 23.33% affirm that it is innovative 
In the market, 10.00% consider that it offers a dynamic presentation of the product 
and 6.67% affirm that it generates interaction of the clients with the product.

Table 4, shows the results about the dimension level of innovation of the adver-
tising campaigns of the dependent variable promotion of products and services, 

Levels Frequency Percentage

Deficient 0 0%

Bad 0 0%

Regular 17 28.33%

Good 20 33.33%

Very good 23 38.33%

Total 60 100%

Source: Own Elaboration.

Table 2. 
Level of innovation that augmented reality provides to the promotion of products and services.

Levels Frequency Percentage

They personalize the brand or product 19 31.67%

Better use of technology 17 28.33%

Innovative in the market 14 23.33%

Dynamic product presentation 6 10.00%

Customer interaction with the product 4 6.67%

Total 60 100%

Source: Own Elaboration.

Table 3. 
Expectations for the use of augmented reality.

Levels Frequency Percentage

Deficient 9 15.00%

Bad 22 36.67%

Regular 6 10.00%

Good 11 18.33%

Very good 12 20.00%

Total 60 100%

Source: Own Elaboration.

Table 4. 
The level of innovation of the campaigns to promote products and services of your company.
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15% indicates that the level of innovation of the campaigns is deficient, 36.67% 
indicates that the level innovation is bad, 10.00% consider it fair, 18.33% think it is 
good and 20.00% say it is very good.

4. Proposal

Based on the results of the questionnaire, Figure 1 shows the following model 
that proposes the importance of using augmented reality as an emerging technology 
to promote products and services, which help to evaluate the real state of traditional 
marketing campaigns and then apply the model and obtain results ideal, helping to 
generate a different and innovative experience to advertise products and services 
through an emotional connection with people through mobile devices.

5. Discussion

In Table 1, augmented reality generates a good level of engagement. Companies 
should not only use influencers or landing pages to capture the user’s attention but 
also create an interactive experience that contacts and engages with them, such as 
augmented reality technology. Which agrees with Dwivedi et al. [21] who affirm 
that the design of the customer experience (CX) through emerging technologies 
such as augmented and virtual reality, voice-activated assistants and wearable tech-
nologies allow cultivating favorable customer engagement behaviors and improve 
consumer welfare. Bolton et al. [22] asserts that customers expect a fluid, integra-
tive and holistic experience that is complemented with digital channels and people 
either by phone or in person, improving the overall customer experience.

In Table 2, the innovation generated by these types of experiences generates 
added value and a new reason for customers to try and adopt the company’s new 
products. For Carlson et al. [23] digital and social media technologies that are inte-
grated into people’s daily lives provide new opportunities to interact and collaborate 
with brands in the innovation process. In this way, the innovation that augmented 
reality transmits is related to the audiovisual media that allows promoting products 
and services [24].

Figure 1. 
Model on the importance of using augmented reality as an emerging technology to promote products and 
services. Source: Own elaboration.
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Table 3, indicates that augmented reality is an efficient means to market prod-
ucts or services. Which agrees with Hinsch et al. [25] that states that companies 
improve the perception of their products through augmented reality as a key 
ingredient in the communication of a certain brand. To improve the user experi-
ence, Han et al. [26] affirms that augmented reality applications are used in various 
industries to convey product characteristics and improve the way consumers think, 
feel and react about the decision of purchase. On the other hand, an analysis of the 
Company Ericsson [27] concluded that advertising with augmented reality could be 
a danger to improve the sales of products since the ads could be used as free versions 
of the products or services.

Table 4, shows that augmented reality is a technological innovation in digital 
marketing campaigns that develops more relevant and meaningful shopping 
experiences for consumers. Felix et al. [28] and Kamboj et al. [29] assert that 
digital channels are platforms that allow innovative marketing practices through 
social networks. On the other hand Muninger et al. [30] affirms that there is little 
guidance to promote the strategic use of social networks in innovation processes. 
While Leminen et al. [31] highlights machine learning and the internet of things as 
a perspective to improve the level of innovation of the Business-to-Business (B2B) 
business model.

6. Conclusions

With the huge number of users with mobile devices on the market, it is essential 
to use augmented reality to improve emotional connection or commitment, attract 
new customers and retain existing ones. This technology captures reality from dif-
ferent perspectives by superimposing virtual images on the reality that is seen from 
a certain mobile and supported by other technologies such as the Global Positioning 
System (GPS) help users to live unique experiences to interact with the brand 
through the information or entertainment.

Augmented reality is a technology that creates unparalleled, innovative and 
exciting experiences that contributes to closer ties between consumers and the 
brand. In addition to this, augmented reality filters in social networks and mul-
tiplayer gamification apps save time, travel costs and advertising thanks to the 
scalability and availability of the experience.

Companies use augmented reality as advertising and marketing tools to get the 
attention of consumers. In this way it is used in packaging, where the packaging of a 
product is used to display information. In events and activations, where positioning 
and good perception of the product are generated. In the catalog of products and 
services, where the products are brought closer to the user.
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