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Abstract: This study presents a novel framework for improving indoor augmented reality (AR)
navigation with modern smartphone technology, which is achieved by addressing two major chal-
lenges: managing large absolute coordinate spaces and reducing error accumulation in camera-based
spatial tracking. Our contribution is significant in two ways. First, we integrate geofencing with
indoor navigation by considering spatial tracking errors, timing for audio guidance, and dynamic
3D arrow visualization for effective local-to-global spatial coordinate transformation. This method
achieves precise local positioning and seamlessly integrates with larger spatial contexts, overcoming
the limitations of current AR systems. Second, we introduce a periodic image-based calibration
approach to minimize the inherent error accumulation in camera-based tracking, enhancing accuracy
over longer distances. Unlike prior studies focusing on individual technologies, our work explores
the software architecture of indoor AR navigation by providing a comprehensive framework for its
design and practical use. The practicality of our approach is validated through the implementation
of a smartphone application at the Mineral Industry Museum of Akita University, highlighting the
limitations of component technologies and demonstrating our framework’s effectiveness.

Keywords: indoor navigation; augmented reality; spatial tracking; geofencing; accumulated positioning
error calibration

1. Introduction

Augmented reality (AR) technology, previously considered a vision of the future, is
now increasingly integrated into daily activities, particularly through its synergy with
smartphones. This integration offers high-performance and cost-effective solutions, signifi-
cantly enhancing the utility of AR in daily life [1]. The adoption of smartphone cameras for
spatial tracking with centimeter-level accuracy has substantially advanced AR applications,
especially in settings with spatial constraints. Although the potential of global navigation
satellite systems (GNSS) and magnetic digital compasses to broaden AR’s applicability
has been recognized [2], their precision limitation often leads to the adoption of QR codes
and local coordinate systems in contexts requiring precise locational data, such as indoor
navigation in museums or malls [3]. These methods are preferred for their reliability and
the ability to easily implement them without the complexities of calibration or reliance on
satellite signals, which are often unreliable indoors or in dense urban environments. Fur-
thermore, high-precision, camera-based spatial tracking is crucial for effective navigation
in urban spaces, as it offers accurate positioning and perception of the environments of
complex urban areas [4,5].

In the context of traditional location-based services (LBS), GNSS has been crucial,
particularly in enhancing automotive navigation and mobile mapping [6]. However, the
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accuracy of GNSS can vary significantly, typically between 2 and 6 m under optimal
conditions [7]. It is considerably less effective in indoor and underground environments
due to electromagnetic interference and signal reception challenges. Although Bluetooth
and wireless personal area network (WPAN) beacons have been developed to enhance
indoor IT services [8-12], the comprehensive and seamless integration of these technologies
across extensive and interconnected indoor spaces remains an unfulfilled goal.

The paper proposes a novel framework designed to surmount two primary obstacles to
advancing indoor AR navigation technology: the effective navigation of extensive absolute
coordinate spaces and the minimization of cumulative positioning errors in camera-based
tracking systems. The framework utilizes visual-inertial odometry (VIO) [13-15], comple-
mented by location reference image markers and a transformation from local-to-global
spatial coordinates, to boost accuracy and reliability across broad coordinate spaces. By in-
tegrating a global spatial coordinate system, we enable the use of geofencing, a technology
well-established in outdoor LBS [16], for indoor environments as well. We demonstrate
the effectiveness and practicality of our framework through application development and
testing in the Akita University Mineral Industry Museum (Tegata-Osawa, Akita, Japan) [17].
This research differentiates itself by offering a synergistic combination of VIO with image-
based calibration and integrating a global spatial coordinate system, laying the groundwork
for future advancements in developing practical indoor AR navigation systems.

The present paper is structured as follows: Section 2 reviews the related work to
position our research. Section 3 describes the indoor AR navigation framework, focusing on
calibration with camera-based reference image recognition and spatial tracking. Section 4
explores the practice of indoor AR positioning in a real-world context, including the
recognition of location reference images and the management of spatial tracking errors.
Section 5 details the implementation of the navigation service, focusing on geofencing
designs. Section 6 demonstrates a field test conducted at the Akita University Mining
Museum. Section 7 discusses the results, challenges, and limitations. Finally, Section 8
concludes the paper by summarizing the study’s contributions and proposing future
research directions.

2. Related Work
2.1. Indoor AR Navigation Technologies

According to Cheliotis et al.’s survey [18], AR has been explored as a method of spatial
navigation, both indoors and outdoors, over the past two decades. Research interest has
risen significantly since 2010, as the ubiquity of smartphones and similar handheld devices
has lowered the technical knowledge threshold for AR application development. More
than half of the 60 publications that can be applied in indoor environments use general
mobile devices, while others use custom devices or dedicated AR devices like head-mount
displays (HMD). Liu et al. [19] proposed an indoor navigation developed on HoloLens,
focusing on the use of virtual semantic landmarks. Their follow-up research introduces
a general framework using mixed-reality technology for indoor navigation assistance for
user studies [20], which is mainly designed for HMD. However, we argue that the current
ubiquity of hand-held devices like smartphones will continue to exist, and it still takes time
for HMD to achieve the same popularity. Thus, we chose smartphones as our main target
device for this research.

Positioning and view alignment are two of the essential components in AR navigation.
Technologies used for positioning in indoor navigation mainly include Wi-Fi, Bluetooth,
inertial sensors, and cameras [8-12]. View alignment overlays directions and other visual-
ized information for navigation on the view of the real world using cameras and sensors.
The two components are often developed separately. For example, ARBIN, developed by
Huang et al. [21], is designed to enhance navigation in large indoor spaces like hospitals,
airports, and train stations, with AR used for display directions and navigation clues, while
positioning depends on Bluetooth Low Energy (BLE) beacons. However, such approaches
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depend on additional infrastructures installed in the building. The cost and accessibility of
the infrastructure can hinder the practical application of indoor AR navigation.

Faced with the challenge, infrastructure-free indoor navigation technologies are being
developed. Chehreghan et al. [22] proposed a solution based on a fusion of smartphone
sensors, considering texting and pocket-carrying modes, but AR applications are not in the
scope of this research, and smartphone cameras are not utilized. As cameras can be used for
both positioning and view alignment, it is natural to consider utilizing the HHD’s camera
as the main sensor (often associated with other built-in sensors) for low-cost solutions. QR
code-based AR applications [3] can be considered a typical example of such solutions, and
the image marker is not necessarily restricted to QR codes. Mulloni et al. developed an
indoor navigation system with mobile phone cameras by detecting unobtrusive fiduciary
markers [23] before the emergence of contemporary smartphones. However, setting up and
maintaining additional markers like QR codes can still be labor-intensive and not purely
infrastructure-free, which is pursued by this research.

2.2. Image-Tracking-Based Indoor Navigation

Khan et al. [24] pointed out that, unlike sensor-based or network-based methods,
vision-based methods provide low-cost and easy-to-use solutions for indoor navigation.
The technologies that originated in the field of robotics, such as Visual Inertial Odometry
(VIO) [13,14] and camera-based Simultaneous Localization and Mapping (SLAM) [25],
have become commonly available in smartphones [15] and other consumer electronics.
VIO combines data from visual sources (like cameras) and inertial measurement units
(IMUs, commonly embedded in smartphones) to estimate the position and orientation of a
device relative to its environment. The integration of such technologies in smartphones has
boosted the precision of AR applications without relying on external references like GPS or
beacons. Komianos [26] also indicated that AR is easy to employ in museums compared to
Virtual Reality (VR) and Mixed Reality (MR) because it is mostly based on the Bring Your
Own Device (BYOD) concept as it reduces costs and is easier for users to handle their own
device. The survey by Shewail et al. [27] revealed that, for the purpose of indoor tracking,
communication technology-based tracking can be faulty for applications that need accurate
tracking and registration, while image-based tracking can be more accurate and reliable.
However, they also pointed out the scalability problems of image-tracking-based solutions.

Rubio-Sandoval et al. [28] proposed a methodology for smartphone-based indoor
navigation that integrates AR and the Semantic Web. Their implementation utilizes the
Unity3D engine’s AR Foundation framework to integrate smartphones” AR frameworks
to realize positioning. Fajrianti et al. [29] developed an indoor navigation system with
Visual SLAM based on the smartphone camera and gyroscope. The implementations in
both researches still need additional QR codes for location initialization, which we consider
unnecessary because the reference markers can be any pre-defined image as long as a
smartphone camera can track it.

AR applications commonly place contents close to the initial location, as accumulative
positioning errors may disrupt the user experience when the distance to the reference
marker becomes longer. We consider this problem a main obstacle to practical image-
tracking-based indoor navigation applications, as the users are supposed to move away
from the initial marker to the destinations. Fajrianti et al. [29] discussed navigation accuracy
from the viewpoint of the relationship between the navigation task success rate and smart-
phone angles. However, the numerical positioning error and its relation to the moving
distance are not mentioned. Rubio-Sandoval et al. [28] also analyzed the accumulative
positioning error as distance offset in different buildings and tasks. The error has a positive
relation with the navigation distance but lacks consistency. The authors considered the
illumination conditions to be the cause, but they did not come up with solutions from the
application side. We suggest that periodical calibration by tracking reference markers can
be a feasible solution.
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2.3. Geofencing in Indoor Navigation

Geofencing uses positioning technology like GPS to create a virtual geographic bound-
ary, enabling software to trigger a response when a mobile device enters or leaves a
particular area [16]. Geofencing is a mature technology in LBS commonly used for location-
based notification, wayfinding, and navigation. It is also utilized in research like behavioral
studies [30]. In the indoor environment, as GPS is generally unavailable, Wi-Fi/Bluetooth
beacons and RFID tags are often used for positioning. Common use cases include proximity
marketing [31], behavior monitoring [32], and enhanced user experience. For example,
ExhibitXplorer, developed by Ivanov [33], uses a combination of geofencing, artificial
intelligence (Al), and microservices to provide dynamic, personalized content to museum
visitors. However, these implementations usually depend on infrastructures like Wi-Fi
and/or beacons for positioning, and their requirement for location accuracy is much
lower than an AR application. This is because the purpose of geofencing in our proposed
framework differs from roughly detecting enter/leave behaviors. For instance, geofences
triggering direction display updates at waypoints may require accuracy under one meter
to avoid malfunction or misunderstanding. Furthermore, these geofences are triggered
by the virtual location of the direction arrow displayed in the AR interface instead of the
smartphone’s actual location for a more appropriate user experience. Thus, the strategies
of geofence placement, sizes, and error tolerance can be different from those using different
positioning technologies.

3. Indoor AR Navigation Framework Based on Geofencing and Image-Tracking

In this section, we introduce an essential framework for indoor AR navigation that
leverages global coordinate systems to facilitate navigation in extensive environments,
moving beyond the limitations of traditional systems that are confined to small, localized
areas. This approach circumvents the need for conventional infrastructure like BLE by uti-
lizing high-accuracy location services, which depend on the image recognition of location
markers and tracking of planes with smartphone cameras. Furthermore, this framework
incorporates geofencing and a strategy for adjusting cumulative errors by addressing a no-
table void in the research on indoor AR navigation. Previous studies have mainly focused
on elemental issues, neglecting the development of an all-encompassing framework that
ensures the practical applicability of smartphone-based indoor AR navigation. Our propo-
sition fills this critical gap by offering a substantial and integrated solution. Furthermore,
this section elaborates on the operational overview of the proposed indoor AR navigation
system, setting the stage for the subsequent sections that will discuss the challenges and
solutions involved in realizing such functionality.

3.1. Overview of the Elemental Sessions in the Framework

Figure 1 presents an overview of the four elemental sessions of the proposed indoor
AR navigation framework, which are described as follows:

o (A) Session of initialization of the current position and direction: When start-
ing the AR navigation, the position and orientation of the smartphone are initial-
ized using image-tracking of the location reference markers (A1) with a database
of wide-area location reference markers (A4) that have been prepared in advance.
This process uses the image-tracking functions of the ARWorldTrackingConfiguration
Class in the ARKit library provided by Apple Inc. (Cupertino, CA, USA) [34] to
implement (A2), (A3), and (A5).

e  (B) Session of indoor AR navigation: After initializing the position and orientation of
the smartphone, sequential updates of the current position and orientation are realized
by VIO, which is based on the data fusion of motion sensors and spatial tracking
derived from a scene analysis of camera images (B2), as explained in [34]. This
process also uses the ARWorldTrackingConfiguration Class in the ARKit library [35].
Next, the current position and movement trajectory of the user is displayed on a
two-dimensional (2D) map, and a three-dimensional (3D) arrow sign pointing in the
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direction of the next destination is displayed with a real-time image from the camera
for AR (B1). At waypoints and points of interest (POls) in the service area, LBS,
such as voice narration and updates regarding the next destination, are realized by
geofencing (B3) (B4).

e (O) Session of setting the destination and route: Destinations are inputted from the
smartphone screen (C1), and a route (C2), which is a list of waypoints along the way
from the current position to the destination, is generated from the database of the POIs
and routes (C3).

e (D) Session for correcting accumulated positioning errors: In indoor AR navigation,
the longer the distance moved after the initialization of the smartphone’s position
and orientation, the larger the position error accumulates. To reduce the accumulated
error before it becomes too large, correction is periodically performed using location
reference markers placed in the service area.

Figure 1. Data flow diagram of a simple framework for realizing indoor AR navigation.

3.2. Indoor AR Navigation Application Use Case

In this subsection, we introduce an example of a smartphone application for the
Mineral Industry Museum, Akita University, that was implemented using the proposed
simple framework for indoor AR navigation. The application’s main function is visual
navigation by displaying 3D signs on the AR display. In contrast, the current position,
movement trajectory, and route to the destination are simultaneously displayed on a 2D
floor map. As revealed by Qiu et al., the combination of AR and traditional 2D maps
can enhance wayfinding performance and spatial knowledge acquisition [36]. Auditory
navigation is achieved using high-accuracy positioning to provide a push-type service
for voice narration at the appropriate location and time. In this application, the exhibits’
locations in the museum and spatial information, such as stairs and turns along the route
to the exhibits, are registered in the POI and route database as spatial data. Their positions
are unified in a local coordinate space based on the origin of the location reference marker
at the entrance of the building (e.g., a signboard of a floor map). First, the user chooses an
exhibit as a destination from a list of registered exhibits on the smartphone screen. Visual
navigation then guides the user to the destination using the 3D sign at the center of the
screen, and the route to the destination on the floor map is displayed at the bottom of
the screen, as shown in Figure 2. Specifically, the 3D sign indicates the direction to each
waypoint, such as each turn and stairway required to reach the destination. The route to
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the final destination is displayed on the floor map, which corresponds to the intermediate
destination on each floor. For example, if the destination is on the second floor and the
user is on the first floor, the route to the stairs to move to the second floor is displayed
on the first floor’s map. Auditory navigation is realized by placing geofences at turning
points and staircase junctions and automatically playing voice narration when the user
enters a geofence.

Figure 2. Example of indoor AR navigation prototype user interfaces as an iOS application.

4. Indoor AR Positioning Techniques

In this section, we delve into the initialization of smartphone location and orienta-
tion information when launching indoor AR navigation. We describe the conditions for
recognizing image markers as position reference markers and acquiring high-precision
location and angle information. By converting this information into the global coordinates
of the entire museum, we perform integrated processing of local coordinate spaces. Finally,
we present a solution to correct the accumulative positioning error of image tracking with
periodical calibration.

Although high-precision spatial tracking (on the order of centimeters) is necessary
for indoor navigation with camera-based systems, the standard approach initializes the
coordinate space based on the camera’s initial position and orientation at launch, with
the z-axis aligned with the camera’s orientation. This local coordinate system differs from
the global reference frame used to register objects within indoor space. To leverage these
existing objects in navigation tasks, it becomes crucial to convert the camera’s position from
the local frame to the global reference system.

This section outlines the procedure for performing such a conversion. The present
study leverages the ARKit framework [35] by Apple Inc. for spatial tracking. Specifically,
we employ the ARWorldTrackingConfiguration class [34], which offers robust real-world
device pose estimation by fusing data from the camera sensor with information from Core
Motion [37], effectively normalizing variations across different cameras and devices. Such
normalization mitigates the impact of device heterogeneity. It accommodates wide-angle
camera modes but currently does not support ultra-wide-angles by considering cross-
device compatibility. The ARWorldTrackingConfiguration class facilitates global spatial
localization by recognizing image markers and tracking planar surfaces. Although ARKit
provides a robust framework for spatial tracking, its effectiveness is bounded by the scope
of the area it can accurately cover. Recognizing this limitation, our study aims to explore
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and address the challenges associated with expanding the coverage of spatial tracking to
encompass larger areas. By doing so, we aspire to extend the potential applications of AR,
making it more versatile and useful for a wider range of scenarios.

4.1. Acquisition of Initial Position and Orientation through Image-Tracking of a Location
Reference Marker

The first step in indoor AR positioning involves acquiring the initial position at system
start-up by using the smartphone camera, as detailed in Section A of Figure 1. The process
measures the angle and distance to the marker board, such as a signboard that has been
preset as a location reference. A floor map board is used for this purpose in the experimental
setup. These measurements are achieved by recognizing and tracking the marker board
(as indicated in Figure 1, A2). This methodology preceding the era of smartphones was
similarly employed by Platonov et al. [38]. Our experimental application leverages the
image-tracking functions provided by the ARWorldTrackingConfiguration class within the
ARKit library [34,35].

A preliminary experiment was conducted to confirm the performance of position and
angle measurement using the smartphone’s camera. A polar coordinate system was estab-
lished, with its origin at the marker board’s center point and its zero-degree axis aligned
with the image’s normal vector. Signs for the observation points were systematically placed
on the floor at 15-degree increments to the left and right (up to 60 degrees) and at radial
distances, increasing by 15 cm (up to 120 cm). Excluding the 0 cm point, 40 observation
points were marked with approximately 2 cm lengths of tape. The smartphone camera was
positioned at each observation point, with its height aligned to the reference image’s center
and its orientation facing that center point. The experiment utilized a program from the
ImageDetection library within ARKit [35]. This program, upon successful detection, returns
values corresponding to the distance between the observation point and the image’s center,
as well as the angle relative to the normal vector. Instances where these return values
were unobtainable are designated as “unrecognized”. Table 1 presents the results of the
image-tracking experiment conducted under the above conditions. When the marker board
measures approximately 50 cm by 50 cm, and the camera’s position is within an effective
angle of 45° relative to the marker board’s normal vectors and at a distance ranging from
30 cm to 75 cm, the accuracy of the obtained angle and distance measurements can be
maintained under 1.0° and 1.0 cm, respectively.

Table 1. Performance evaluation of smartphone position and angle measurement using the smart-

phone’s camera.

0° (Front) 15° 30° 45° 60°
15 cm X X X X X
30 cm O O O O X
45 cm O O O O X
60 cm O O O A X
75 cm O @) A X X
90 cm A A A X X
105 cm A A X X X
120 cm X X X X X

O: Recognizable; errors are less than 1 cm and 1°. A: Recognizable; errors are more than 1 cm or 1°.
x: Unrecognizable.

The angle and distance measurements allow for the determination of the current posi-
tion from local coordinate values based on the marker. Subsequently, the local coordinates
are transformed into global coordinate values with the marker board’s image size, normal
vector, and coordinates, which are retrieved from the database containing global location
reference markers (Figure 1, A4). Ultimately, the current position is visualized as the initial
position on the floor map displayed on the smartphone’s screen (Figure 1, B1).
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4.2. Conversion of Local Coordinate Values to a Global Coordinate System

Although high-precision spatial tracking (on the order of centimeters) is necessary
for indoor navigation with camera-based systems, the standard approach initializes the
coordinate space based on the camera’s initial position and orientation at launch, with
the z-axis aligned with the camera’s orientation. This local coordinate system differs from
the global reference frame used to register objects within indoor space. To leverage these
existing objects in navigation tasks, it becomes crucial to convert the camera’s position from
the local frame to the global reference system. This subsection outlines the procedure for
performing such a conversion.

Figure 3 illustrates converting the local coordinate values to a global coordinate
system for indoor AR positioning by using a smartphone (Figure 1, A5). The position
(global coordinates) and direction (global direction, 0° points north) of the marker board
MB; in the real world (e.g., the floor map signboard) are defined as (I4;,l0;) and 6;. The
position (local coordinates) of the smartphone camera Camj is defined as (la]-, lo]-), and
the distance and direction from Cam; to MB; are defined as d; and ¥, respectively. The
relationship between these variables is defined by Equations (1) to (4). Local2Global is a
function that converts the local 2D coordinate values in meters to global 2D coordinate
values (longitude and latitude) and Rotate,, is a function that rotates the 2D coordinate
values around the origin by m.

¥, = (®; — 7) — 6 1)

(X1, Y1) = Local2Global (d;,0) ()
(X1, Y1) = Rotate(q (XL, Y1) 3)
(1aj,1o;) = (la;,lo;) + (X1, Y{) @)

position (la;, lo;)

=@ Marker Board MB;
4
4

..’ Vector V; of Cam;
*
o
i Uy distance d] between
North

Cam; and MB;
Vector V; of MB,; '

®;
position (la;, lo)
4
.0
P Camera
North Cam.
J

Figure 3. Transformation of local coordinates into a global coordinate system for indoor AR positioning.

4.3. Accumulated Error Correction with Periodical Calibration

One of the significant challenges in high-accuracy indoor positioning involves the
accumulation of errors as the user moves. When these errors exceed acceptable limits,
geofences may not activate as intended, leading to malfunctions in the navigation system.
Therefore, it is necessary to conduct positioning calibration after the user has moved a
predefined distance. The calibration can be easily accomplished by recognizing a loca-
tion reference marker. Nonetheless, the following three elements are deemed crucial for
practical applications.
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1.  Frequency of calibration: Empirical results from our experiments on positioning
accuracy in spatial tracking with VIO (referenced in Section 6.1) indicate that the user
will experience an error of approximately 0.3 m after moving 30 m at a normal walking
speed of 3.6 km/h. Considering a human'’s shoulder width of approximately 0.6 m, a
smartphone held at the center line of the body will have a horizontal distance of 0.3 m
to the body’s edge. Under these circumstances, a geofence designed to cover the width
of a corridor may fail to activate if the positioning error exceeds 0.3 m. Consequently,
we recommend calibration every 30 m, as this error margin is the maximum tolerable
threshold for a smartphone-based indoor navigation system.

2. Marker for calibration: The location reference markers should be strategically dis-
tributed throughout the building to cover the navigation service area adequately. Each
marker should be placed within walking distance of less than 30 m from the nearest
one. In the context of museums, we recommend utilizing signboards and exhibits
(suppose they are stationary) as location reference markers. This approach allows the
smartphone to naturally and cost-effectively calibrate accumulated positioning errors
while the user is engaged in viewing the exhibits.

3. User interface guiding the calibration: The user interface (UI) must support two
fundamental functions: firstly, notifying the user of the need for calibration, and
secondly, guiding the user to the reference marker. In our experimental application,
we incorporated a gauge bar that signals the necessity for calibration. When the
walking distance exceeds 30 m, and the gauge is depleted, an alert is triggered to
remind the user to locate a marker. Simultaneously, the photo of the nearest marker is
displayed to assist in calibration.

Our experimental application implements the strategies based on the above three
elements. Preliminary results from a demonstration experiment described in Section 6.3
demonstrate the effectiveness of accumulative error calibration.

5. Design and Development of Indoor AR Navigation Services Based on Geofencing
5.1. Location-Based Service Design Based on Geofencing

Our experimental indoor AR navigation application employs geofencing to provide
AR-based direction instructions and audio guide services. While the shape of the geofence
can be arbitrary, a circular boundary shape, as depicted in Figure 4, is most commonly used
due to the simplicity of the calculation process. It is straightforward to determine whether
the user has entered the boundary area by calculating the Euclidean distance to the center
point. When the user’s location is determined using spatial tracking technologies such as
GNSS, Bluetooth, or VIO, positioning errors are typical. A buffer method that expands
the geofence’s boundary area to account for these errors proves to be an effective error
absorption mechanism, as illustrated in Figure 5. Considering the positioning oscillation,
dynamically expanding the buffer area upon a user’s geofence check-ins can effectively
reduce check-in and check-out errors, even in worst-case scenarios. Similarly, decreasing
the buffer area dynamically after checking out can prevent oscillation misfunctions.

Figure 4. An example of a geofence with a circular boundary.
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Figure 5. An example of a geofence with a buffering region.

An example of a mobile service using geofencing is audio navigation. When guiding
a user along a route to a destination, push-type services such as voice instructions with
directions and distances are provided at waypoints such as junctions. Figure 6 shows an
example of route placement with geofencing (Figure 1, C), demonstrating appropriate
geofence locations and boundary area sizes. Start — gf; — gf, — gfs — gfs (Goal) is the
route, and the geofence gf; is used to represent the route. For example, voice narration
can be pushed to the user when the user’s position (p), which is acquired by VIO, enters
the boundary area range of the geofence. Suppose that the boundary area of the geofence
can be narrowed to the minimum necessary range. In this case, providing high-quality
push-type services at more appropriate locations and timings becomes possible. However,
a possible risk is that the geofence will not be able to capture the user’s location correctly
when the accumulated positioning error becomes too large. On the other hand, increasing
the geofence radius will reduce the failure of user tracking, but the push-type service may
be misplaced or delivered too early, which will result in inadequate and degraded service
quality. The trade-off between the service quality in terms of the appropriate location
or push timing and the accuracy of the geofencing check-in and check-out is essential in
setting the range of the geofence’s area.

Figure 6. An example of a navigation route defined by geofences with appropriate positions and sizes.

In the case of visual navigation using AR, a 3D sign pointing to the next geofence
(as a waypoint) from the user’s current position is overlaid on the real-world image from
the camera (Figure 1, B1), as illustrated in Figure 2. When checking into the geofence
(waypoint) (Figure 1, B3), the next geofence is set as the next waypoint, and the 3D sign
changes to point to the next direction. In this way, various LBS applications can be designed
based on the concept of geofencing.

5.2. Indoor Geofence Space Design

This subsection discusses how to determine the location and size of a geofence. In an
ideal scenario in which indoor positioning is error-free, the geofence should be centered
at the optimal location for push services, such as the audio guides, and its radius should
be set to ensure that the service remains consistently available as the user moves within
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the geofence. In practice, however, the placement and size of a geofence are influenced by
several elements, including the spatial structure of the building, the intended function of
the geofence, the user’s moving speed, the positioning sample rate, human dimensions,
and the inherent positioning error.

1.

Building space structure: In general, when placing a geofence at a corridor or entrance
for a waypoint, its diameter should match the width of the corridor or entrance. When
deploying a geofence for an exhibit, it should ideally be triggered as soon as the user
sees it.

The geofence’s function: A geofence designed to trigger the introduction of an exhibit
typically aligns its center with the exhibit’s location. Conversely, a geofence intended
to provide direction updates at a waypoint should be positioned in advance of the
location.

The user’s moving speed and sampling rate: The geofence should be designed to
ensure that at least one sampled trajectory point falls within its range when the user
passes by. For instance, when providing direction updates at a waypoint, such as a
turn at a junction, and assuming notification is required one second before reaching
the junction, the geofence’s center point should be placed approximately a one-second
walking distance ahead of the junction (based on an average walking speed of roughly
one meter per second), as illustrated in Figure 7.

Human dimension: As VIO-based positioning can achieve centimeter-level accuracy,
the dimensions of the human body cannot be overlooked when designing geofences.
Considering a typical human shoulder width (including clothing) of 0.6 m, the radius
of a geofence covering the width of a corridor could theoretically be reduced by
0.3 m (i.e., half the shoulder width), as shown in Figure 8. This adjustment accounts
for the smartphone being held at the center of the body, ensuring it remains within
the geofence.

Positioning error: As mentioned in Section 5.1, the radius of the geofence should be
enlarged to accommodate the expected positioning error. If the periodical calibration
described in Section 4.3 is effective and the error is generally maintained below
0.3 m, the geofence radius may be increased by 0.3 m. This increment aligns with the
reduction of 0.3 m, accounting for half the human shoulder width.

Figure 7. The center of a geofence is set at 1.0 m ahead of a junction point when the walking speed is

1.0 m/sec for the guidance narration to be provided 1.0 sec in advance.

Figure 8. Indoor positioning error relative to the size of a human and the geofence’s diameter.
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When developing the experimental application, the geofence size was determined
empirically through extensive on-site experiments. Various settings were tested to assess
whether entry into a geofence triggers the optional start of audio narration and simultane-
ously updates the virtual 3D arrow icon pointing toward the next waypoint. Although a
smaller geofence radius might offer a more precise location and timing for push notifica-
tions, the impact of spatial tracking errors was also considered. Consequently, a decision
was made to incorporate the five aforementioned elements to determine each geofence
radius at a level that avoids user discomfort without compromising functionality.

5.3. Prototype Development and the Field for Experiments

We implemented an experimental indoor AR navigation application using Apple Inc.’s
ARKit and conducted a demonstration experiment at the Mineral Industry Museum, Akita
University, by using its floor map, as shown in Figure 9. The museum is a circular building
with three floors, and the spiral staircase in the center of the building connects the different
floors. The width of the spiral staircase is 1.2 m, and the width of the corridors is 1.8 m. The
width of the entrance door to the exhibition hall (i.e., the doughnut) is 1.5 m. The doughnut
area of the exhibition hall has an inner radius of 6 m and an outer radius of 16 m.

Figure 9. Floor map of the Mineral Industry Museum (1F), Akita University.

In the demonstration experiment, the floor map signboard on the first floor, which
served as a location reference marker, was recognized by the smartphone’s camera to set
the initial spatial coordinates for the smartphone’s position and direction (Figure 1, A). The
subsequent location estimations were performed as the user was moving by tracking the
smartphone’s position and orientation using ARKit’s VIO function, which uses the iPhone
11’s motion sensor and camera.

6. Implementation Experiments

This section focuses on the experiments conducted to implement our proposed frame-
work. First, we present the results of empirical experiments on the degree of cumulative
error caused by spatial tracking with the camera. The final cumulative error is extremely
important in the design of indoor AR navigation because it determines the radius and loca-
tion settings of geofences and the calibration timing. Second, the prototype introduced in
Section 5.3 is tested in the actual application field to demonstrate the functionality of indoor
AR navigation and the feasibility of the proposed framework. Third, we emphasized the
realization of Ul for periodical calibration and tested its effectiveness for accumulative error
correction. All these experiments were conducted by the members of our research team.

6.1. Positioning Accuracy Evaluation in Spatial Tracking with VIO

In indoor AR navigation, the accuracy of positioning is expected to decrease with
prolonged use of spatial tracking with VIO. This decrease in accuracy is significant for the
design of such services. This subsection presents the results of an experiment designed to
evaluate spatial accuracy and its rate of decline using the original indoor AR navigation
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application developed by us. The experiment involved measuring errors in spatial tracking
with a camera within the real-world environment of a museum hallway. For this experiment,
signs made of tape—approximately 2 cm in width—were placed on the floor at 1 m intervals
to outline the intended route. The actual path was navigated using an AR app, and the
discrepancy between the tape’s real-world location and its position as identified in the
digital space by the AR app was measured with a ruler.

Figure 10 shows the results of the spatial accuracy evaluation of positioning using
spatial tracking with VIO, with Apple Inc.’s iPhone 11 as the target device (with the
functions of the ARWorldTrackingConfiguration class in Apple Inc.’s ARKit library). In this
experiment, the user walked at a normal speed of approximately 1.0 m/sec while holding
the smartphone almost vertically in their hand and pointing the camera in the direction that
they were moving. As the distance they moved increased, the positioning error increased,
resulting in an error of approximately 1.6 m when 160 m was covered. The convolutional
error was about 1%, which indicated a linear increase in the positioning error. With this
level of error, indoor AR positioning of sufficient quality is feasible. However, because
the positioning error accumulates as the distance moved increases, periodic positioning
calibration is required.

Figure 10. Example of the positioning accuracy evaluation of VIO-based spatial tracking.

Figure 1la visualizes an example of the raw data obtained using spatial tracking
with VIO (sample rate: 0.1 s). Smoothing is necessary because outliers sometimes occur.
Figure 11b shows an example of smoothing using the median value for the previous
1.0 s. Smoothing overcomes the problem of positioning error outliers and provides more
appropriate and stable location information, thus avoiding straggling when providing LBS
services. The drawback of smoothing is the delay in error detection; however, this is not a
major problem in use cases involving walking.

() (b)

Figure 11. Characteristics of the raw data (0.1-s sampling) of VIO-based positioning and an improve-
ment using a median filter: (a) Raw data (sampling rate: 0.1 s); (b) Data smoothed using the median
from a set of data generated in the previous 1.0 s.
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Figure 12 shows how much the error in spatial tracking by VIO varies depending
on how the user moves with the smartphone. As can be seen, error accumulation varies
depending on the user’s walking speed, the swaying of the smartphone, and even the
model of the smartphone. Although the errors vary depending on how the user uses the
smartphone, it is possible to estimate the movement error to some extent if we know the
user’s preferences (walking style, smartphone model, etc.).

Figure 12. VIO-based positioning accuracy evaluation by moving modes.

6.2. Demonstration Experiment of Basic Indoor AR Navigation Functions for the Museum

To test the navigation functionality of the framework, we set up several navigation
service routes from the entrance to the target exhibits on the first floor of the Mineral
Industry Museum and used the prototype to follow the routes to see if the current position
is tracked accurately and the geofences are triggered correctly. For example, the route to a
target exhibit (Rhodochrosite) is composed of three geofences as waypoints, each having a
radius of 0.75 m to cover the width of the path, as illustrated in Figure 13. The red dotted
line represents the planned walking route, and the blue dots represent the actual movement
trajectory data recorded with the prototype during the experiment. The navigation service
is provided as necessary when the movement trajectory data falls within the geofence
boundary area, which successfully triggers the direction updates.

Figure 13. Examples of geofences for indoor AR navigation at the Mineral Industry Museum (1F),
Akita University. The number (0.75 m) beside each geofence shows its radius. The red dotted line
indicates the route to the user’s destination, and the blue dotted line represents the user’s trajectory.

Figure 14a illustrates that upon the user’s entry into the exhibition area from the
corridor—crossing the boundary of the geofence located at the exhibition’s entrance—a
check-in event is immediately triggered. The virtual 3D arrow, which guides the user’s
movement, then changes direction, signaling through the AR screen that the user should
turn left. Simultaneously, a voice narration instructs the user to make a left turn.
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(a) (b)

Figure 14. Examples of indoor AR navigation services for the Mineral Industry Museum (1F), Akita
University: (a) transition from a corridor to an exhibition space; (b) arriving at the destination
exhibition object.

As depicted in Figure 14b, as the user approaches the target exhibit, the 3D sign
immediately points toward it upon geofence check-in, and a voice narration introduces the
exhibit. This demonstrates that a framework leveraging spatial design and high-accuracy
indoor positioning can effectively realize a practical indoor AR navigation system.

The virtual 3D arrow is 2 m long and is positioned 5 m away from the smartphone cam-
era. It is designed to occupy approximately 60% of the screen’s width. The smartphone’s
field of view is 60°, divided equally with 30° to both the left and right. The rationale
behind the 5 m placement is founded on a design principle that provides audio guidance
roughly 5 s in advance, followed by a succinct narration (e.g., “Please turn right”) lasting
for about 2 s and, thus, allowing the user 3 s to react. The user is assumed to walk at a
speed of 1 m/s.

6.3. Demonstration Experiment of Accumulated Error Correction

To indicate the necessity of position calibration, we add a gauge bar in the main UI
of the prototype that decreases according to the increase in the user’s moving distance, as
shown in Figure 15a. When the walking distance goes over 30 m, and the gauge becomes
empty, an alert, as shown in Figure 15b, will be popped to remind the user to find a marker
to calibrate the position. At the same time, a photo of the nearest reference marker is
displayed. As shown in Figure 15c, the gauge bar becomes full again after calibration.

In a preliminary experiment, the user successfully navigated to an exhibit within a
walking distance of 20 m without positioning error correction. However, when navigated
to an exhibit with a 40 m walking distance, as shown in Figure 16a, the user could not find
the way to the target because the accumulated positioning error became unignorable that
the waypoint geofence could not be correctly triggered, as shown in the orange circle in
Figure 16b. If the user calibrated the position in the middle of the route with the marker
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(a)

(a)

indicated as a red dot in Figure 16a, they could successfully find the exhibit. The red circle
in Figure 16¢ shows that the trajectory jumped because of calibration.

(b) (c)

Figure 15. Examples of indoor AR navigation services for the Mineral Industry Museum, Akita
University (2F), with positioning error correction implemented: (a) Calibration gauge decreases
as walking distance increases; (b) Reminder of calibration, which occurs with the nearest marker
displayed when the moving distance is over 30 m; (c) Calibration gauge recovers after calibration.

(b) (c)

Figure 16. The user’s moving trajectories when navigated with/without accumulated positioning
error correction: (a) The route of navigation and the position of the marker for calibration (red dot);
(b) The user lost direction (at the place in the orange circle) without positioning calibration; (c) The
user reached the target with positioning calibration (conducted at the red circle).

We suggest that utilizing exhibits as calibration makers instead of additional images
or signboards can be a low-cost method as the calibration can be conducted naturally and



Appl. Sci. 2024, 14, 4262

17 of 21

unconsciously while the user is viewing the exhibits. Figure 17 demonstrates an example of
this proposed method, in which the user’s current position is calibrated three times along
the navigation route when the smartphone’s camera is pointed toward the exhibits. The
corrected positions are visualized as the red dots on the map.

Figure 17. Examples of positioning error correction of exhibition objects via image-tracking using a
smartphone’s camera. The blue dotted lines represent the user’s movement trajectory. The segments
where the blue dotted lines are interrupted indicate areas where accumulated errors have been
corrected. The corrected points are emphasized as red dots.

7. Discussion
7.1. Devices

The proposed framework has chosen smartphones as the target devices due to their
ubiquity and the mature AR development frameworks included in the major operating
systems. The prototype was implemented with Apple Inc.’s ARKit framework on iOS.
Thus, it can be operated on a wide range of iPhones and iPads. Google LLC also provides
Android and iOS developers with ARCore [39], which has similar functionality. Therefore,
the framework can be implemented in Android smartphones and tablets in a manner
similar to the demonstrated prototype.

One disadvantage of image-tracking-based AR navigation is that users need to keep
the camera in a certain range of angles and distances to achieve successful recognition of
the reference markers. Users unfamiliar with AR applications may find it challenging to
consistently maintain this requirement. In addition, when implemented with smartphones,
after recognizing the reference marker, users need to keep holding the device so the camera
has enough view to track positions and align displays. This can be tiresome and detrimental
to the device’s battery life. Meanwhile, holding a smartphone while walking is typically
considered unsafe, even if the user can perceive the front view from the screen. Further
studies should explore solutions incorporating other indoor positioning technologies,
enabling users to put down their devices while moving without losing track of the position.

Although still expensive and not widely available at present, wearable devices such
as head-mount displays (HMDs) will be an important vehicle for AR applications in the
future. It is posited that the proposed framework can be modified to accommodate HMDs
as long as the device supports VIO because the underlying principles remain unchanged.

7.2. Software Implementation

The prototype was implemented using major AR frameworks provided by a smart-
phone OS, that is, Apple Inc.’s iOS. The primary advantage of utilizing these mature AR
frameworks lies in their ease of development. Notably, they ensure cross-device consistency
in image tracking and positioning despite variations in camera and sensor parameters. This
approach does constrain developers” autonomy in certain respects. For instance, if a frame-
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work ceases to support a particular type of device following an update, the application will
consequently lose compatibility with those devices.

The software, based on the proposed framework, is considered scalable due to its
infrastructure-free and standalone features. The calibration solution developed to resolve
the accumulative error problem enables its application for long navigation routes in large
indoor areas. Once developed, the software can be adapted to different facilities by replac-
ing the data (e.g., floor plans, markers, targets, and geofences) and content (e.g., audio
guides, descriptions, and photos).

7.3. Indoor Geofencing Design

The significance of geofencing design in indoor AR navigation systems is often un-
derestimated. Although geofencing is a well-established technique in LBS and may seem
straightforward, its effective implementation is crucial for enhancing user experiences.
Properly designed geofencing, in conjunction with accurate tracking, can significantly en-
hance the user experience by providing timely and location-specific information or naviga-
tion cues, especially in complex indoor environments such as museums or shopping malls.
Implementing geofencing indoors presents unique challenges not encountered in outdoor
settings or beacon-based solutions. The precision required is considerably higher due to the
complexity of the indoor spaces and the need for centimeter-level alignments in AR views.
Consequently, elements including human dimensions, building structures, positioning
errors, walking speed, and methods of displaying navigation cues must be considered.

Our current geofencing design is derived from empirical experiments, and its ap-
plicability to different indoor settings remains unclear. For instance, if improved indoor
positioning accuracy can be achieved, then the buffer adjustment for the geofence radius
needs to be modified accordingly. The principle of indoor geofencing design and the
systematic determination of the placement and size of geofences remain important areas
for future research. It is also necessary to incorporate user feedback into the design of
indoor geofencing.

7.4. Limitations

Our framework has been tested with a single prototype in only one indoor environ-
ment. While this provided initial insights into the conceptual framework and validation of
the key technologies, the results may not generalize across different types of indoor settings,
such as shopping malls, university buildings, and hospitals, where space structures and
user behaviors can vary.

The current stage of our research did not include extensive usability tests with actual
users, which limited our understanding of the effectiveness of the proposed geofencing
design and calibration strategy and overall user satisfaction. The prototype was not
subjected to public experimentation, which would provide a more robust validation of the
system’s effectiveness, reliability, and acceptance in the real world by different user groups,
especially those who are not familiar with AR technologies.

This study has not focused extensively on the methodologies for data acquisition and
organization, which are critical for scaling the application to other venues and for further
development. The registration of reference location markers, placement and tuning of
geofences, and association of media content to the navigation targets can be labor-intensive.
Effective data acquisition and efficient data organization can facilitate the system'’s scalabil-
ity and maintenance.

8. Conclusions

The present paper has presented a novel framework for indoor AR navigation that
overcomes two key challenges: operating within wide, absolute coordinate spaces and min-
imizing cumulative positioning errors in camera-based spatial tracking. This framework
utilizes high-accuracy spatial tracking enabled by the VIO of contemporary smartphones,
which is enhanced by the integration of location reference image markers and a local-to-
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global spatial coordinate transformation, hence ensuring precise positioning within a global
coordinate context. A strategy of periodic image-based calibration has been introduced,
with designed user interactions guiding the calibration markers, significantly reducing the
impact of accumulated errors and improving navigation accuracy over extended distances.
This approach was implemented in an indoor AR navigation system deployed at the Min-
eral Industry Museum of Akita University, where demonstration experiments validated
its effectiveness.

Our work stands apart from the current academic literature as a pioneering systematic
framework for indoor AR navigation design. The key strengths include the ability to
extend high-accuracy local positioning to larger areas, the innovative calibration method to
minimize accumulated errors, and its practical application in an existing indoor setting.
Although reliance on VIO and periodic calibration could be considered limitations, they
offer opportunities for further research in usability and accuracy enhancements.

Future research will focus on usability experiments and user studies using an improved
prototype with a more sophisticated user interface. We aim to refine our framework by
exploring different geofence settings for practical spatial design and investigating solutions
to improve indoor LBS usability and functionality. By comparing various settings and
exploring new technologies, we can extract principles that will guide the development of
practical and high-quality AR navigation applications and services, further contributing to
the field of indoor AR navigation.
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