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Mixed reality has constantly been a symbol of the future for many years because it integrates many related areas of art and science
to produce superior interactive experiences. Recently, it has become tremendously popular with location-based features that allow
a new immersive interaction between people. In this paper, we present a novel research of pioneering geo-based mixed reality
games, including our own research, to explore the evolution of mixed reality games using location-based features. Five major
geo-based mixed reality games are selected for analysis based on the periods built: Human Pacman, AR Car Game, Ingress,
Pokémon Go, and AR Mario Kart Live. The geo-based mixed reality gaming market analysis is explored extensively using the
semiqualitative method to discover the relationships between the independent variable (year built) and the dependent variables
(number of academic paper downloads, Google Trends, revenues, and number of downloads). We then compare each game
based on the year built, the devices used in the game, the game purposes, the number of academic paper downloads, the
revenues, the number of downloads, and the types of virtual items in the game, to deeply understand the evolution of geo-
based mixed reality games. Finally, recommendations for future directions are included.

1. Introduction

As the world has been technologically experiencing an
extraordinary rate of change, especially during the
COVID-19 era [1], mixed reality (MR) has become very
popular in the related fields of computer vision, artificial
intelligence, and digital marketing. Since it is a fascinating
experience of a real-world environment mixed, enhanced,
and/or integrated by graphically virtual scene, it is a great
tool to change movie theatres and existing 3D technology
into 4D and beyond. More widely, it can be used in many
applications in various industries such as entertainment,
digital marketing, and tourism. It has thoroughly become a
trending topic both in research laboratories and in commer-
cial sectors worldwide. More recently, because of advance-
ments in smartphones with high-speed internet, this area
has been even more extremely and quickly popular when
using geo-based features for creating new mixed reality
games [2]. From the research perspective, the word “mixed
reality” has a broad spectrum that includes “augmented real-

ity” as well. Hence, this paper will use the term mixed reality
all along the paper.

This paper is aimed at presenting a novel outline of pio-
neering geo-based mixed reality games, including our own
research [3], for the first two decades of the twenty-first cen-
tury. We particularly focus on exploring five significant
games which are Human Pacman, AR Car Game, Ingress,
Pokémon Go, and AR Mario Kart Live. We first provide a
full explanation of each game and how it works. After that,
we propose our geo-based mixed reality gaming market
analysis from each geo-based mixed reality game in detail.
Each game is compared and analyzed based on the signifi-
cant details of the games. Critical factors for future works
of geo-based mixed reality games are suggested. This paper
is organized as follows. Section 1 in this paper is devoted
to the general introduction of mixed reality. The paper is
then divided into two parts: an explanation of each selected
geo-based mixed reality game (Section 2), methodology
(Section 3), and geo-based mixed reality gaming market
analysis (Section 4). Section 2 gives the outline of five
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selected geo-based mixed reality games and their progress in
the last two decades. Next, Section 3 in this paper discusses
our research methodology. Then, Section 4 presents the
geo-based mixed reality gaming market analysis for each
geo-based mixed reality game. Finally, Section 5 concludes
the paper. We also forecast the factors and the possible
future directions for this geo-based mixed reality field.

2. Geo-Based Mixed Reality Games

Five pioneering location-based mixed reality games in the
past two decades, including our own research, will be dis-
cussed in this section. To begin with, one of the very first
research works for geo-based mixed reality games which
have received great popularity is Human Pacman presented
in 2004 [4]. As shown in Figure 1, Cheok et al. invented this
geo-based mixed reality game using the idea of Pac-Man, a
traditional maze arcade game, by creating virtual cookies
which can be overlaid on the real scene. Their research
aim is to integrate the computer gaming experience immer-
sively with mobile and human-social gaming. By using sen-
sor fusion and global positioning system receiver to track
positions and locations of players, in this game, players can
touch virtual cookies and get real-time interactive experi-
ences with seamless transitions between the real world and
virtual world. This research has gained great popularity
among the world’s famous television media which are fea-
tured in CNN news, Discovery Channel, and TED Talks. It
is important to note that this work is mainly for research
purposes in the universities, conducted mainly in Nanyang
Technological University and National University of
Singapore.

Second, a pioneering form of real remote-controlled car
gaming with the scoring feature for geo-based mixed reality
games is our own research work, shortly called AR Car
Game presented in 2010. The full name is Augmented Real-
ity Car Game. As illustrated in Figure 2, Kerdvibulvech [5]
built an interactive geo-based game for detecting a real
remote-controlled car using computer vision in a gamified
way. Our game estimates the location of the real remote-
controlled car using the yellow information of the image,
and then, virtual items are overlaid on the real scene so that
a user can command a car to collect and capture the virtual
items interactively in real time. Virtual items used in this
game include mushrooms and coins. Also, in the game, it
has a unique score for each virtual item. For instance, when
the mushroom is captured, a user gains two points. When
the coin is captured, a user will receive only one point. In
this way, every user should attempt to control a remote-
controlled car to collect and capture virtual items which give
the top points as quickly as possible. Most importantly, this
geo-based game can give each user some feedbacks and the
evaluation score interactively based on the car control skills.
For example, every user is automatically classified into three
different levels: an expert, an intermediate driver, and a
beginner. At that time, the mixed reality game for detecting
a small physical remote-controlled toy with the evaluation
scoring feature, we believe, was expected to be very new for
a real remote-controlled toy or car gaming interactively. By

the way, it is interesting to note that this work is aimed for
research purposes in the university, similar to the work of
Human Pacman.

Third, three years later in 2013, Niantic Inc. created a
freemium geo-based mixed reality mobile game, called
Ingress, as depicted in Figure 3. Similar to Human Pacman,
a global positioning system is used to locate portals, while
these portals are in closeness to the location of the players
in the physical world using their smartphone in real time.
This game is later called Ingress Prime by many players for
a revamped version of the conventional game. Although this
game is for commercial purposes which are different from
the two aforementioned research-based games, it is a free-
to-play game available for download in both iOS and
Android operating systems. Although this game reached suf-
ficient commercial success to sustain the game, their success
seems to be relatively small when compared to the next
game from their company that makes use of the world’s
famous Pokémon characters and introduces the ground-
breaking geo-based mixed reality game.

Fourth, it is very obvious that, in 2016, Pokémon Go is
the worldwide most popular mobile game and geo-based
mixed reality technology is its main unique contribution.
Niantic Inc. built this geo-based mixed reality game using
data from Ingress to populate the locations for adding up

Figure 1: Human Pacman, the geo-based mixed reality game using
the concept of a traditional maze arcade game [4].

Figure 2: AR Car Game, a physical remote-controlled car game
with the scoring feature using geo-based mixed reality [5].
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the game components in real time [7], such as Gyms and
PokéStops which are the physical world landmarks in places,
such as universities, historical monuments, department
stores, temples, shrines, and spirit houses. Virtual creatures
are called Pokémon in this game. In the first release of Poké-
mon Go, each player is supposed to physically walk/run to
several locations to face these virtual Pokémons, fight them
with virtual Poké balls, and catch them to the player’s collec-
tion. Figure 4 illustrates some examples of the game in dif-
ferent locations. Again, similar to Human Pacman in 2004
and Ingress in 2013, a global positioning system is used to
realistically put each Pokémon onto the actual world map.
A Pokémon will only appear in the game for any player
whose location and position in the real world are in prede-
fined proximity with that Pokémon. Also, similar to AR
Car Game in 2010, Pokémon Go allows the players to cap-
ture virtual items (i.e., virtual Pokémons) which appear as

if they are in the same location in the physical world and
give them feedback and the level of each player interactively
based on the skills in a fascinating way. But rather than three
different levels as in AR Car Game, each player of Pokémon
Go has up to 40 different levels at first and this level cap
remains for several years [8]. In 2021, this level cap is
increased to 50 different levels allowing players to challenge
new tasks to achieve the higher level. It is important to note
that this game is mainly for commercial purposes. Even
though it is free to download and play, there is the incentive
to spend real money on the game [9], such as buying XP
boosters, PokeCoins, Poké balls, Raid Passes, special event
tickets, avatar’s styling accessories, and avatar’s special pos-
tures. For example, the players can spend money for pur-
chasing Poké balls in the game which have different rates
and pay via credit card. Each rate depends on the type and
capacity of Poké balls differently. With their lovely charac-
ters of Pokémon, the unique features of geo-based mixed
reality, and the continuous popularity/support from the
strong player communities, all of these make Pokémon Go,
by far, one of the most profitable mobile games on earth
[10]. In terms of profit in 2021, this game grossed enor-
mously more than five billion USD in lifetime revenue in
just five years. Since Niantic has been continuously releasing
many updates between 2020 and 2021 to cope with the situ-
ations of work from home and social distancing, it is essen-
tial to note that the weekly player spending has surprisingly
increased by approximately 70% amid the COVID-19 pan-
demic, even though this outbreak has tremendously
impacted and devastated so many small and medium busi-
nesses in various countries around the world.

Fifth, in late 2020, Nintendo invented AR Mario Kart
Live: Home Circuit, which is similar to our work of AR
Car Game (2010) in terms of using mixed reality for real
remote-controlled car games and the story and characters
of fictional mascots. As shown in Figure 5, by using the
mixed reality hardware, AR Mario Kart Live: Home Circuit
allows players to race fictional mascots, such as Mario and
Luigi, at their own home through immersive experiences vir-
tually. It consists of a real remote-controlled car that is
installed with a single camera for capturing the real scene
in-game, while obstacles and opponents are built virtually
to make the game more entertaining. Therefore, it allows
the players to design racetracks and race as fictional mascots
across the car race track virtually. After the game was
released, it has sold more than one million copies worldwide
and been nominated at The Game Awards 2020 for the cat-
egory and type of Best Family. By the way, note that this
game is mainly for commercial purposes.

3. Methodology

3.1. Conceptual Framework. In the past twenty years
between 2000 and 2020, many mixed reality systems sup-
ported many usage paradigms such as education, military,
and robot. However, there were very few working on games
using the feature of geo-based mixed reality to interactively
support the story of the game and allow players to explore
the game in a pioneering way. To the best of our knowledge,

Figure 3: Portal submission from Niantic’s Ingress, a freemium
geo-based mixed reality mobile game in real-world map data [6].

Figure 4: Niantic’s Pokémon Go, the groundbreaking geo-based
mixed reality game using data from Ingress to populate the
locations [11].
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we find only five major games using the feature of geo-based
mixed reality supporting the story of the game, which have
tremendously impacted the mixed reality field in terms of
either research or commercial purposes. In this way, Human
Pacman, AR Car Game, Ingress, Pokémon Go, and AR
Mario Kart Live are selected in performing market analysis
and trend forecasting in this research study. Some other
games are using the feature of geo-based mixed reality to
support the story of the game, such as Harry Potter: Wizards
Unite created by Niantic, the same gaming company build-
ing Ingress and Pokémon Go. Because this gaming company
received major success with Pokémon Go in 2016, it later
launched this Harry Potter-themed game in 2019. But the
gaming concept of geo-based mixed reality is not so different
from the previous games from the same company. Also, in
terms of popularity, Pokémon Go is much more successful.
Thus, we do not include the Harry Potter-themed game in
this research. For this reason, we use only the five pioneering
games (Human Pacman, AR Car Game, Ingress, Pokémon
Go, and AR Mario Kart Live) for representing all the games
of this kind in the past twenty years. Therefore, Human Pac-
man, AR Car Game, Ingress, Pokémon Go, and AR Mario
Kart Live described in Section 2 are selected in performing
market analysis and trend forecasting in this research study.

In this study, we use semiqualitative and exploratory
methods to discover the relationships between the indepen-
dent variable (year built) and the dependent variables (num-
ber of academic paper downloads, Google Trends, revenues,
and number of downloads). The reason that we use year
built as the independent variable is that it clearly helps us
to gradually understand the evolution of technology from
the early developmental stage to the growing stage, until
the recent stage of geo-based mixed reality gaming. When
performing market analysis, the first and most important
task is to accurately identify target users/customers as differ-
ent users/customers will lead to different expectations,
methods, and market indicators. Speaking of geo-based
mixed reality gaming, it is an emerging gaming style whose
target users/customers still have high dynamics and are sub-
ject to significant changes according to trigger events hap-
pening each year. For example, in 2003, the target of geo-

based mixed reality games is purely on researchers, so that
the numbers of academic paper downloads and Google
Trends are reasonable indicators for analyzing the academic
market. Recently, as the popularity of geo-based mixed real-
ity games has expanded to common gamers, additional indi-
cators of game company revenues and the number of game
downloads are added to cover another side of the market
beyond academia. The significant effect of year built in mar-
ket analysis will become very obvious in the next year as the
introduction of Metaverse in October 2021 from Meta has
hugely triggered the whole world, so that the future market
of mixed reality will not be limited to academic persons
and gamers but also architects, designers, investors, lawyers,
and so on.

As explained earlier, in the past, target users/customers
may mainly be researchers, and therefore, interpreting mar-
ket success may require research indicators, such as aca-
demic paper download and Google Trends. However, in
some certain years recently, target users/customers have
evolved and expanded, such as nonresearchers and/or ordi-
nary people. Thus, the market success indicator must be
interpreted with other indicators such as revenues and the
number of game downloads. It can be observed that the field
of geo-based mixed reality gaming is quite new, compared
relatively to some very old fields of science. Therefore, there
is a wide variety of target audiences depending on the major
trigger events in each year. Year built is then an important
variable that will affect the dependent variables. These
dependent variables are selected as our indirect indicators
to reflect market and research trends regarding geo-based
mixed reality games during the first two decades of the
twenty-first century. However, the popularity of geo-based
mixed reality games for academic research and commercial
purposes is different in many aspects, and before Niantic’s
Ingress in 2013, there were only geo-based mixed reality
games for academic research purposes. This means that for
the games introduced with academic research purposes, they
do not aim for or have no indicator regarding revenues and
number of game downloads. Hence, during the years 2000 to
2013, we portray the relationships between the independent
variable and the dependent variables without revenues and
number of game downloads. Figure 6 shows our conceptual
framework before Niantic’s Ingress was built. This concep-
tual framework emphasizes the essence and importance of
the year built as the independent variable, highlighting
periods in which geo-based mixed reality games are created.
This independent variable is observed in conjunction with
the dependent variables that include the number of aca-
demic paper downloads and Google Trends.

During the years 2013 to 2020, geo-based mixed reality
games for commercial purposes have been included. There-
fore, we redesign our conceptual framework as illustrated in
Figure 7. The independent variable is still the same which is
year built. This independent variable can be seen to affect the
dependent variables. However, the dependent variables do
not only include the number of academic paper downloads
and Google Trends but also include revenues and number
of game downloads. This is to appropriately reflect the com-
mercial purpose of these games.

Figure 5: AR Mario Kart Live: Home Circuit from Nintendo using
a classical concept of collective Mario Kart with the remote-
controlled car and mixed reality technology [12].
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3.2. Data Collection Process. To begin analyzing the trends of
geo-based mixed reality games, we collect data of mixed real-
ity academic papers for the first two decades of the twenty-
first century from the IEEE Xplore digital library, one of
the largest collections of research databases for academic
papers and technical standards on computer science, electri-
cal engineering, electronics, and related sciences. We use the
keyword “Mixed Reality” to search the number of document
titles found in the IEEE Xplore digital library in each year to
understand the trends of academic papers for mixed reality.
Figure 8 illustrates the gradual increase in the number of
academic documents for mixed reality between 2000 and
2020. The vertical axis shows the number of documents enti-
tled “Mixed Reality” as found in the IEEE database, while the
horizontal axis shows the period of the research study. There
is a small upward trend in the number of papers found
between 2000 and 2002. Then, it does not increase until
Human Pacman was broadcast on CNN and Discovery
Channel in 2003. After that, it slightly keeps the increasing
trend for mixed reality between 2004 and 2010 during the
time that our paper on AR Car Game was internationally
published. However, there is a small downward trend in
the number of papers between 2011 and 2013. A possible
reason is that these years were the starting era of massive
smartphone usage and App Store was just launched a few
years, so no smartphone and smartphone application were
capable of the geo-based mixed reality games yet whereas
there were many interesting geo-based mixed reality games
on personal computers and laptops for about ten years
(2003-2013). Nevertheless, the graph starts to increase again
after 2013 when Ingress was launched. A possible reason is
that Ingress gains popularity from its freemium business
model, although it is built for commercial purposes. After
Pokémon Go was released worldwide in 2016, there was a
sharp and steep increase in academic paper trends for
“Mixed Reality” between 2016 and 2018. It is obvious that,
even though Pokémon Go focuses on the commercial aspect,
it helps increase the popularity in academic research purpose
for mixed reality as well. Finally, the number of document
titles found was highest in 2020, when AR Mario Kart Live
was released. In the future, we believe that the number of
academic papers for mixed reality will be markedly
increased, when a new game with new features and experi-
ences is released. At the same time, to implement a new
game, it needs an innovative method and algorithm from
the academic community to solve the challenges of the
technology.

Next, to analyze the trends of geo-based mixed reality
games, we collect data of mixed reality from Google Trends
for the first two decades of the twenty-first century. The data
are analyzed from the popularity of top search queries in
Google Search which is the highest worldwide market share

(about 92%) among all available search engines. Figure 9
depicts Google Trends worldwide for the “Mixed Reality”
keyword between 2000 and 2020. We use the keyword
“Mixed Reality” to collect the data from Google Trends in
each year. The vertical axis shows the number of search
interests of “Mixed Reality” in Google Search, while the hor-
izontal axis illustrates the period of the research study. How-
ever, there is no data available in Google Trends before the
year 2004, in which Human Pacman was approximately pre-
sented. There is a slight downward trend in the number of
search interests found between 2004 and 2013. This means
that the research works for geo-based mixed reality games
(both Human Pacman and AR Car Game) do not signifi-
cantly contribute to the popularity of mixed reality in Goo-
gle Trends. A possible reason is partly about the incapacity
of smartphones and built-in digital camera quality during
these nine years. Since Ingress was internationally released,
there is a slight upward trend for mixed reality from 2013
to 2016. After Pokémon Go was successfully debuted in
2016, there was an extremely steep increase in the number
of search interests—about eight times higher in 2018 com-
pared to 2016. The number of search interests was highest
in 2018. Between 2018 and 2020, there is a downward trend
until AR Mario Kart Live was debuted. A possible reason is
that the trend already reached its peak during 2016-2018;
after that, it was about time for the trend to saturate and find
its appropriate and sustainable position in the long run
unless any new trigger emerges. However, the number of
search interests in 2020 is still more than five times com-
pared to the number of search interests in 2016.

4. Market Analysis of Geo-Based Mixed
Reality Games

This section performs the market analysis regarding geo-
based mixed reality gaming based on our five selected games
(Human Pacman, AR Car Game, Ingress, Pokémon Go, and
AR Mario Kart Live) from the previous section. Table 1
shows our conclusion regarding interesting aspects of the
five selected geo-based mixed reality games. This table also
includes dependent variables that cannot be illustrated as
graphs due to insufficient public data like revenues and the
number of game downloads. In detail, we will comparatively
analyze each game based on the year built, the devices used
in the game, the main purposes of the game, the number
of academic paper downloads, the game revenues, the num-
ber of game downloads, and the types of virtual items in the
game.

Mäyrä and Alha [13] gave a good overview for early his-
tory and development of mobile games. As stated before,
Human Pacman, AR Car Game, Ingress, Pokémon Go, and
AR Mario Kart Live are proposed in 2004, 2010, 2013,
2016, and 2020, respectively. In the early years of the
twenty-first century, geolocation mixed reality games often
did not rely on their geo-based features on a smartphone;
this was the case with Human Pacman and AR Car Game.
In a detailed manner, Human Pacman uses a networked
wearable computer with a head-mounted display (HMD)
and mobile sensor, while AR Car Game uses a personal

Year built
Number of academic paper
downloads
Google trends

Figure 6: Our conceptual framework before Niantic’s Ingress was
built.
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computer or a laptop for running and playing games. This is
because at that time, there was not enough suitable and
capable smartphone that was suitable for creating geoloca-
tion mixed reality games. For instance, it was not possible
to build the games on the App Store by Apple in the year
2000s because the App Store was initially opened in 2008.
However, although the App Store started with a small num-
ber of applications available, it has opened the eyes to the
possibilities for developing geolocation mixed reality appli-
cations on smartphones. This is because of the new capaci-
ties at a more affordable price regarding the computing
power, cellular networks, internet connection, touchscreen-
based user experiences and interfaces, resolution screen,
and memory on the smartphone. For example, after iPhone
5 was first launched in 2012, we have seen more geolocation

mixed reality games on smartphones available in the market,
such as Ingress which was released in 2013 and later for iOS
devices in 2014. Since then, the devices used in geo-based
mixed reality games have gradually changed from laptops
and personal computers to a smartphone. For example,
Ingress and Pokémon Go use smartphones to play games.
The only exception is AR Mario Kart Live that is played
on a nonsmartphone mobile game console named the Nin-
tendo Switch. Among the massive trend of smartphone gam-
ing, this choice of Nintendo is understandable as it used to
be a traditional Nintendo way to create their uniquely spe-
cial game console in both hardware and software. In conclu-
sion, we think that the choice of devices is partly related to
the increasing market trend and popularity of geo-based
mixed reality games as it directly reflects the number of

Year built

Number of academic paper
downloads
Google trends
Revenues
Number of game downloads

Figure 7: Our conceptual framework after Niantic’s Ingress was created in 2013.
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potential users possessing the game-ready device. The bigger
the number of potential users, the better chance of the game
to gain more popularity.

In addition, at the beginning of the twentieth century,
the main purposes of geolocation mixed reality games are
divided into two main purposes: academic research and
commercial. The purposes of Human Pacman and AR Car
Game are mainly on research and development (R&D) in
university laboratories. Later, although Ingress and Poké-
mon Go are aimed at focusing on commercials, they mainly
use a freemium business model—a mixing of the words
“free” and “premium”—with some in-application purchases
for extra in-game items. In detail, Ingress allows players to
partly spend money for their locations to be used as portals,
and then, it can make their stores a pilgrimage place for
players in the game. Similarly, Pokémon Go is free to play,
but its business model is combined with local advertising,
in-app purchases for extra in-game items, and special event
hosting (upon requested and sponsored). This means that
for progressing the game faster or gaining a competitive
advantage in the game, players may have to pay more money
to enjoy the game. This strategy can translate into a real-
world business, even though these two games still focus on
the freemium business model. However, unlike the previous
four mentioned geolocation mixed reality games, AR Mario
Kart Live is aimed at the commercial aspect as players must
purchase the AR Mario Kart Live: Home Circuit-Mario Set-
Nintendo Switch Mario Set Edition to play the game.
Although it is not very expensive, it costs about 75 USD
for one set. In summary, we believe that the purpose of geo-
location mixed reality games is partially linked to the
increasing market trend and popularity of games, especially
commercial purpose for it increases the number of people
knowing this kind of field. This can be observed from the
graph in Figure 9. By increasing the popularity, it later rein-

forces the number of research papers in this area because it
can make the research works more profitable.

Moreover, as the aims of Human Pacman and AR Car
Game are mainly about research and development in univer-
sity laboratories, there is no revenue data available publicly.
For Niantic Inc.’s Ingress, according to [6], the approxi-
mately generated revenue in July 2019 is 20,000 USD for
one month. Their revenue has exponentially increased when
Niantic Inc. launched Pokémon Go which is a game sharing
the same location data as Ingress. According to [14], the
game revenue of Pokémon Go has reached five billion
USD over the five years during 2016-2021, averaging one bil-
lion USD per year. Even though the world has faced the
COVID-19 pandemic since 2020, this Pokémon Go game
made 1.2 billion USD in revenue in 2020 which is a 41%
increase from 2019. This is probably because the game has
adapted properly during the outbreak [15] and allowed
players to suitably play indoors, stay safely in place, and keep
healthy [16] while playing, so that lockdown measures may
even turn positive for the game and encourage more spend-
ing for Pokémon Go from the players [11]. Although Poké-
mon is originated in Japan, the United States is the highest
revenue nation for Pokémon Go, accounting for 38% of
the total revenue within five years (1.9 billion USD of 5 bil-
lion USD). For AR Mario Kart Live, as it has been launched
for less than a year, Nintendo has not yet released the reve-
nue for this specific game. However, though it may not be
compared directly, [17] indicated that Nintendo’s Mario
Kart Tour has reached 200 million USD in a player spending
in lifetime revenue. Conclusively, in our opinion, the reve-
nue is partly connected to the increasing market trend and
popularity of geo-based mixed reality games. This is since
it attracts many software companies which are currently
working in similar areas, such as Metaverse and internet of
things (IoT), to build more geo-based mixed reality games.

Table 1: Comparison among five significant geo-based mixed reality games.

Name Human Pacman AR Car Game Ingress Pokémon Go AR Mario Kart Live

Year built 2004 2010 2013 2016 2020

Devices
Wearable

computer and
HMD

Laptop or
personal
computer

Smartphone Smartphone Nintendo Switch

Main purposes
Academic

research and
development

Academic
research and
development

Commercial but
freemium

Commercial but
freemium

Commercial purpose

Number of
academic paper
downloads

344 downloads
from ACM
database

297 downloads
from IEEE
database

Not available
(commercial
purpose)

Not available
(commercial purpose)

Not available (commercial
purpose)

Revenues No commercial No commercial
20 thousand USD in
1 month (07.2019)

5 billion USD in 5
years (2016-2021)

Not yet released (though 200
million USD for Mario Kart

Tour)

Number of game
downloads

No commercial
download
allowed

No commercial
download
allowed

20 million downloads
in 5 years (2013-

2018)

632 million
downloads in 5 years

(2016-2021)

1.27 million copies in 6 months
(10.2020-04-2021)

Virtual items Yellow balls
Mushrooms and

coins
Portals Pokémons Mushrooms and coins
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In terms of the number of game downloads, Human
Pacman and AR Car Game are not designed for commercial
download as they focus on research and development.
Therefore, they are not comparable in this particular depen-
dent variable. For the two games of Niantic, [18] indicated
that Ingress has about 20 million downloads in five years
during 2013-2018, while Pokémon Go has 632 million
downloads in five years during 2016-2021 which is very
impressive. In the total 632 million downloads of Pokémon
Go, 77% of installation is from Google Play, while the Apple
App Store accounts for 23%. The highest country (18% of
the total downloads) is the United States with 115.5 million
downloads, while Brazil and India are second and third,
respectively. For AR Mario Kart Live: Home Circuit, [12]
explained that this game has 1.27 million copies in about
six months from October 2020 to April 2021. Overall, in
our perspective, the number of game downloads is moder-
ately linked to the growing market trend and popularity of
geo-based mixed reality games. This is because it straightly
reflects the number of possible game players. The larger
the number of possible game players, the brighter opportu-
nity of the game to obtain more popularity.

In terms of virtual items in the games, each game has dif-
ferent virtual items, except for AR Car Game and Mario Kart
Live: Home Circuit that shares similar virtual items of mush-
rooms and coins for entertaining the players in a classical
concept of collective Mario Kart with a remote-controlled
car. For the other games, Human Pacman uses yellow balls
to familiarize players with a traditional concept from Pac-
Man, a maze chase action game from Namco in 1979. For
Ingress, portals are virtually merged at real places in real-
world map data [19], while hundreds of fictional species of
collectible monsters from Pokémons are randomly mixed
as virtual items in the game of Pokémon Go. In conclusion,
in our view, the type of virtual items in the games is not
related to the escalating market trend and popularity of
geo-based mixed reality games in a straight manner. This
is because although there are two games (AR Car Game
and AR Mario Kart Live) that share the same type of virtual
items, it can be seen from the graph in Figure 9 that it does
not directly affect the trends in each period.

5. Conclusion and Recommendations

This paper has presented a summary of pioneering geo-
based mixed reality games during the first two decades of
the twenty-first century. Five intensively pioneering games
are selected for analysis based on the periods built as follows:
Human Pacman, AR Car Game, Ingress, Pokémon Go, and
AR Mario Kart Live. In this paper, we first discuss the tech-
nique behind every game, respectively. Then, we explain the
methodology we used to assess the relationships between the
independent variable and the dependent variables. After
that, the geo-based mixed reality gaming market analysis of
each game is conducted and extensively compared, in terms
of the year built, the devices used in the game, the game pur-
poses, the number of academic paper downloads, the game
revenues, the number of game downloads, and the types of
virtual items in the game.

Previously, a global positioning system was mainly uti-
lized to implement geo-based mixed reality games in the
early twentieth century. However, more recently, computer
vision, deep learning, and big data analytics are great tools
for estimating the poses and giving geolocation data to pro-
cess in the games accurately and quickly [20]. Therefore, for
achieving the advancement of these tools, the purpose of
geolocation mixed reality games for research should be first
encouraged to allow a period of trial and error, even though
the research purpose of gaming may not directly and signif-
icantly relate to the increasing market trend and popularity
of games, in the long run, comparing to the commercial pur-
pose gaming, according to our investigation.

According to our study and projection, we believe that
there are three significant factors to consider for achieving
the geo-based mixed reality games in the 2020s, particularly
for the research purpose. The three factors are the machine
capacity, the quality and quantity of data, and the advances
in computational algorithms. First, sufficient machine capac-
ity is important to run and process the geo-based mixed
reality games, especially the processing speed of the machine
to make it possible to run an interactive mixed reality
response in real time. This is evidently confirmed from our
investigation as the emergence of the high-capacity smart-
phone is the important trigger that has led to the surge of
geo-based mixed reality gaming trends. In the 2020s, we pre-
dict that more than 90% of new geo-based mixed reality
games will be conducted in real time or almost real time.
Rather than just smartphones alone, the devices used in
the games will be more varied, including the internet of
things, such as Facebook’s Ray-Ban Stories [21] and Xiao-
mi’s Smart Glasses [22]. Second, the quality and quantity
of data are critically essential, including the robustness of
data required for the state of being extrapolatable or learn-
able. Third, the advance in computational algorithms is very
important to build smarter, faster, and more reliable geo-
based mixed reality games. Highly related fields for empow-
ering geo-based mixed reality games are mostly in computer
science and artificial intelligence fields, such as artificial neu-
ral networks, deep machine learning, sensor fusion, and real-
time signal analysis. Like other recently popular artificial
intelligent games and applications, there is the science of
machine learning and deep learning lying underneath the
recent geo-based mixed reality games like Pokémon Go
and AR Mario Kart Live. To train good machine learning
or deep learning applications or games, the big amount of
data with great quality is crucial so any company or any
nation that can take control or possess the power of data will
also take the lead in the advancement of artificial intelli-
gence, including geo-based mixed reality gaming. We believe
that the fight for data ownership in terms of the strategic
competition between nations and/or the new competition
between technology companies will be heatedly seen undeni-
ably in the 2020s.

According to our observation, the research purpose
gaming and the commercial purpose gaming are reinforcing
each other, and both contribute to the marketing trend and
popularity at last. Hence, although the three factors men-
tioned earlier seem to focus on the research aspect, it will

8 Human Behavior and Emerging Technologies



in turn commercially reinforce the game revenue of geoloca-
tion mixed reality games, the number of game downloads,
and the choice of devices for playing games. Once technol-
ogy readiness regarding the three factors is ready, we fore-
cast that the overall market size of geo-based mixed reality
games around the globe is expected to significantly escalate
by the late 2020s. This forecast is particularly when the
high-capacity devices are more affordable for most users as
well as the 6G internet is fully available worldwide and
allows artificial intelligence-based sensor data streaming
and processing to be done in a fast and reliable manner.
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