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Figure 1: Science museum exploration with a suitcase-shaped autonomous robot designed to assist blind visitors. (A) The robot
safely guides a blind user to an exhibit while narrating a short description of it. (B) At the exhibit, the user can listen to detailed
descriptions using the built-in screen reader on a smartphone or call museum staff if additional assistance is required. (C)
As the user and staff member interact at the exhibit, the robot moves and waits. (D) The user can continue the rest of the

exploration by pushing a button on the robot’s handle.

ABSTRACT

Enabling blind visitors to explore museum floors while feeling the
facility’s atmosphere and increasing their autonomy and enjoyment
are imperative for giving them a high-quality museum experience.
We designed a science museum exploration system for blind visitors
using an autonomous navigation robot. Blind users can control
the robot to navigate them toward desired exhibits while playing
short audio descriptions along the route. They can also browse
detailed explanations on their smartphones and call museum staff if
interactive support is needed. Our real-world user study at a science
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museum during its opening hour revealed that blind participants
could explore the museum safely and independently at their own
pace. The study also showed that the sighted visitors who saw the
participants walking with the robot accepted the assistive robot
well. We finally conducted focus group sessions with the blind
participants and discussed further requirements toward a more
independent museum experience.
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1 INTRODUCTION

Museums should be socially inclusive for all visitors, regardless
of the disabilities they may have. Consequently, museums are im-
proving the accessibility of their exhibits to blind people through
specialized tours [28, 48] and access to tactile representations of
artworks [45]. In addition to providing such non-visual museum ex-
periences, increasing visitors” autonomy is also important to achieve
high-quality museum experiences for blind visitors. Researchers
have revealed two main challenges in making non-visual museum
experiences accessible to the visually impaired: (1) enabling people
to navigate a museum safely [9, 41, 65] and independently accord-
ing to their interests [9, 10] and (2) representing visual artifacts
non-visually through touch or audio [8, 9, 16, 26, 64-66].

This project focuses on the challenge of enabling blind people to
navigate and explore a science museum safely and independently
and to increase their autonomy in socially inclusive ways. Choosing
a series of sub-exhibits at their own pace based on personal knowl-
edge, interests, and comprehension time of a science topic is an
inherent part of a science museum experience. By walking around a
science museum’s floor, blind visitors should be able to listen to the
sound at various locations, sense the size of the sub-exhibits, and
feel the atmosphere of the museum [9]. Thus blind visitors have to
seek assistance from family, friends, museum personnel, or remote
assistance [50]. Blind people prefer not to rely on such assistance
all the time because they are concerned about imposing a burden
on sighted assistants [9]. Furthermore, according to Small et al. [58],
it is important for a better tourist experience to consider their vari-
ous travel arrangements such as independent travel or travel with
friends, family, professional attendants, professional caregivers, or
commercial specialists. While previous research efforts have pro-
posed various navigation systems [34, 36], they evaluated these
systems’ effectiveness in user studies in which blind participants
walked on pre-fixed routes with the system. Therefore, how to en-
hance blind people’s autonomy in public spaces, including a science
museum, remains an unexplored challenge.

Autonomous robots have significant potential to allow blind
people to walk independently in various spaces, such as shopping
malls, airports, and museums [25]. Since blind people can follow the
robot’s navigation by holding its handle, they do not need to pay as
much attention to orientation and can walk in a more relaxed way
compared to mobile or wearable solutions [10, 29, 41]. Neverthe-
less, to the best of our knowledge, no study has been reported on
robots designed specifically for assisting visually impaired people
in museums and the social acceptance of such robots. Consequently,
we pose a research question: To what extent can an autonomous
robot-based navigation system contribute to increasing blind visitors’
autonomy and enjoyment in a museum? and How will sighted visitors
perceive the robot guiding blind visitors in a science museum?

We have developed the prototype of a system for providing inde-
pendent museum exploration assistance to blind visitors by effec-
tively combining the power of a navigation robot, audio guidance,
and the intelligence of human assistants with the specific design
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target of a science museum (Miraikan - The National Museum of
Merging Science and Innovation!. Blind users can control the ro-
bot’s destination via an app by using the built-in screen reader on
the smartphone?. The robot safely guides them to an exhibit while
the app narrates a short description of the exhibit (Fig. 1-A). The
users can also browse detailed explanations on their smartphones
and call museum staff if interactive support is needed (Fig. 1-B-D).

The system evaluation entails two components: (1) a real-world
user study with eight blind participants at a science museum and (2)
a questionnaire on the robot’s social acceptance by nearby sighted
visitors The user study was conducted during the museum’s regular
hours of operation. During the study, the participants were allowed
to go to any exhibit area in any order by selecting destinations ac-
cording to their own pace and interests. We obtained the following
findings:

o The blind participants could explore the museum indepen-
dently and appreciated the ability to choose exhibits accord-
ing to their own interests and enjoy the museum at their
own pace, which had been impossible when they depended
on sighted assistants all the time.

o The sighted visitors readily accepted the presence of a navi-
gation robot assisting blind visitors at the museum without
feeling any disruption or danger and without privacy con-
cerns about the robot’s camera.

We finally conducted two focus groups [24] composed of the blind
participants. We discussed the participants’ needs and challenges in
depth to seek the balance between the automated system and human
assistance for science communication toward a more independent
museum experience.

2 RELATED WORK
2.1 Automated Mobility Assistance

When blind people visit museums, one of the biggest accessibil-
ity issues is mobility and orientation. Many blind people rely on
help from their families or friends [8, 66]. Previous researchers
proposed various types of mobile or wearable systems to guide
visually impaired people in indoor public spaces, for applications
such as providing navigation instructions to a destination [34, 36]
and helping people avoid obstacles [40, 49, 67].

Various systems have targeted navigating visually impaired peo-
ple through specific locations, especially museums [10, 29, 41].
Asakawa et al. proposed a smartphone-based system for navigating
blind people in museums [10]. The system offers seamless inter-
action for artwork appreciation by using the user’s orientation.
The system’s app reads the description of artwork only when the
user is oriented toward it, and the app seamlessly resumes naviga-
tion to the next artwork when the user changes their orientation.
However, the system cannot help users avoid obstacles and other
visitors. Meliones et al. proposed a similar system combined with
an obstacle avoidance system, and they tested it in museums [41].
Although either of these navigation systems can guide visually
impaired users to their destinations, a user may veer away from
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a navigation path, which leads to a longer navigation time and
requires a higher cognitive load for mobility.

Several researchers have tested navigation robots for visually
impaired people, with the robot either in front of the person [17, 37,
42, 46, 54, 59, 61, 62, 68, 69, 72] or to the side [12, 25, 32, 33]. These
robots have sensors to detect and avoid surrounding obstacles,
in the manner of a guide. In addition to obstacle avoidance, some
robots also have functions for locating their position and navigating
toward the user’s destination [12, 17, 25, 46, 59, 61, 68]. CaBot is a
state-of-the-art open-source blind navigation robot [25]. Visually
impaired people can follow the robot by holding its handle; as a
result, they do not need to pay as much attention to orientation
and can walk in a more relaxed way. Nevertheless, to the best of
our knowledge, no robot designed specifically for visually impaired
people in museums has been studied.

Previous studies have evaluated the effectiveness of navigation
systems, including navigation robots, through task-based user stud-
ies where blind participants were asked to walk along pre-fixed
routes [34, 36]. Thus, how to improve blind people’s autonomy in
a museum remains an unexplored task [9, 10]. To overcome this
challenge, we developed a navigation system that allows blind par-
ticipants to explore a science museum with greater independence.
We also conducted a real-world user study in which blind partici-
pants freely explored a science museum during its regular hours
of operation. Furthermore, we asked sighted visitors about their
impressions of such assistive robots.

2.2 Exhibit Accessibility

Increasing the accessibility of exhibits is an essential part of en-
hancing the museum experience of blind visitors [26]. Especially
at science museums, many exhibits use diagrams, photos, videos,
interactive displays, untouchable objects, and other visual media
to communicate scientific content. Museums have made efforts to
increase accessibility by introducing objects such as tactile replicas
or reproductions and descriptive audio guides [43]. Some museums
provide specialized tours or workshops [28, 48]. In addition, var-
ious assistive technologies have been proposed [53, 64, 66], such
as tactile models created by 3D printing [70], tactile reproductions
augmented with touch sensing and audio descriptions [7], and
touch screens for exploration of visual artwork [2]. For the work
described here, we created text descriptions of exhibits and made
them available to blind visitors through our smartphone app. How-
ever, because the primary focus of this paper is mobility assistance,
the various exhibits in the museum adopted for our user study,
even inaccessible interactive touch displays, were used “as is” In
these cases, we relied on the museum staff for help when the blind
participants required such access.

2.3 Technologies for Communication in
Museums

Communication with museum staff (e.g., curators and science com-
municators) is a valuable experience that increases visitors’ compre-
hension of exhibits, especially in science museums with unfamiliar
topics, academic details, and recent updates. However, visually im-
paired visitors often have difficulty finding available staff on site.
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The Brooklyn Museum provides a chat application that allows visi-
tors to communicate with museum staff online [19]. Especially for
visually impaired visitors, the capability to provide assistance and
interpretation by museum staff and volunteers is a high-priority
service [26]. However, even though blind visitors sometimes re-
quire sighted assistance, they prefer not to rely on such assistance
all the time, since they are concerned about imposing a burden
on the sighted assistants [9]. Accordingly, we implemented a call-
ing function so that blind users can initiate communication with
museum staff only when necessary.

Additionally, robots are a promising technology to guide visitors
on behalf of museum staff. Researchers have deployed a variety of
autonomous robots in museums for navigating and guiding visitors.
Earlier works mainly focused on safe navigation, robust localiza-
tion, and advanced automation (e.g., automatic recharging) in the
deployment environment [15, 47, 60]. These robots have interactive
displays for guidance with multimodal content and robotic faces
to attract visitors’ attention. Later works mainly focused on social
interaction with visitors via human-like robots used as museum
guides [6, 57, 71]. For example, to attract visitors’ attention, a pair
of humanoid robots talked to each other about exhibits [57], and
another humanoid robot observed visitors’ faces to adjust its head
motion [71]. Recently, robots have used advanced speech recogni-
tion and text analysis technologies to answer visitors’ questions [6].
By contrast, we mainly focused on the navigation function of robots
while relying on museum staff for communication in museums.

2.4 Social Acceptance of Assistive Technologies
for Visually Impaired People

To deploy robots for assistance in public spaces, including museums,
it is essential to gain acceptance from not only the blind visitors
but also the sighted visitors. Previous researchers investigated so-
cial acceptance [35] of various assistive technologies for visually
impaired people, such as computer-vision-based assistance [1, 5], a
wearable camera [4, 39, 52], and a drone [11]. Many of these studies
focused on investigating the privacy issues related to camera-based
assistance [1, 4, 39, 52]. In addition, visually impaired users’ consid-
erations of their own image and the public perception of assistive
technologies have also been investigated [4, 5, 11, 31, 39, 51, 56].
These considerations can influence the adoption and usage of assis-
tive technologies [18]. In this study, we conducted a real-world user
study in a museum during its regular hours of operation, and we si-
multaneously investigated the social acceptance of the robot-based
museum exploration system by 108 sighted visitors who viewed
the blind participants walking with the robot in the museum.

3 SYSTEM DESIGN

3.1 Museum Experience for Blind Visitors

For blind visitors, a museum is one of the most challenging places to
walk through and experience independently. Significant challenges
face them in navigating a large space and appreciating exhibits.
Previous works mostly attempted to solve these problems with
mobile devices or audible icons in the environment [10, 21-23, 29,
38]. However, blind visitors find it difficult to focus on appreciating
an exhibition while navigating its spaces and avoiding other visitors
and obstacles [10]. Navigation with mobile robots is a promising
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way to reduce such stress in museum visits [25]. Therefore, in this
study, we designed a museum navigation system using a mobile
robot and a smartphone to improve a science museum experience
for blind visitors, and we obtained feedback on the system through
a user study and a focus group study.

We designed the proposed system for a science museum, Mi-
raikan, which has scientific exhibits for all ages in a multistory
building. The museum staff includes science communicators (SCs)
with whom visitors can talk about the exhibits. We targeted one
floor of the building, with an area of about 2,100 m?, which includes
10 of the museum’s 25 themed exhibit areas as shown in Fig. 2. The
users can command the mobile robot through a smartphone app
and the built-in screen reader (Section 3.2.1). The app will provide
a brief description of the destination exhibit while navigating to it
and also provide detailed descriptive content at the entrance of each
exhibit. If the user wants to learn more details of the exhibit, an SC
can be called from the app. In each area, visitors pass through an
entrance and proceed toward an exit while observing the area’s art-
works and interactive displays. Making an exhibit fully accessible
(e.g., artwork descriptions, interactive displays, narrow paths, and
steps) is one of the fundamental factors in developing an accessible,
independent museum experience [26, 43]. However, as mentioned
earlier, this factor is outside the focus of this study. Accordingly,
we relied on the SCs to support the participants in passing through
the exhibit and filling this gap. The SCs usually communicate with
museum visitors to increase their understanding of the exhibits.
Before our user study, we held a training session for the SCs on
interacting with visually impaired people.

3.2 System Overview

The museum exploration system consists of two major components:
a navigational robot and a smartphone app. The robot navigates
blind visitors to specified destinations while safely avoiding obsta-
cles and other visitors. The smartphone is used as a system interface
that allows blind users to control the robot’s destination and listen
to the descriptions of exhibits.

The system was designed based on the inputs from a blind author
and staff members of the science museum (visitor service team and
SCs). The blind author tested the navigation robot and the smart-
phone app to improve the system’s design iteratively. In addition,
we designed the function to Call SCs based on discussions held
with two museum staff members of the visitor service team. In
the museum, the museum staff usually assists blind visitors when
they ask for assistance, rather than always guiding them. By refer-
encing such a human system design in the museum, we designed
the smartphone app to enable blind users to call museum staff if
additional assistance is needed (e.g., they want to learn more details
of the exhibit). We tested the function to call SCs with 25 SCs and
revised the function based on their comments, such as the type
of information displayed in the SC’s smartphones. Two SCs also
wrote the exhibit descriptions for use in the science museum.

3.2.1 Museum Exploration App. The smartphone app is the main
interface of the museum experience for blind visitors. The smart-
phone is connected to the robot to control its navigational behavior
and get feedback on its navigation status (e.g., avoiding obstacles).
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The app is designed to be fully accessible to blind visitors by work-
ing with the smartphone’s screen reading software. In our user
study (Section 4), we used the smartphone’s speaker so that ex-
perimenters could also listen to the audio interface. We note that,
in actual conditions where experimenters do not require use of
the speaker, the users would naturally be able to use their pre-
ferred hearing devices (e.g., a bone conduction headset or open ear
headset) during their museum exploration.

The user manages destinations by selecting specific exhibits
from the list of exhibits. Since it would be too much work to enter
all the exhibits one by one, the system also provides a predefined
tour that navigates all the exhibits (Fig. 2). The app also shows a
detailed explanation of each exhibit as a text-based web page so that
users can browse the contents at their own pace using the screen
reading software. The use of text-based content allows the user to
change the speaking rate, which visually impaired people often
wish to configure according to their preferences [30]. Users can
also use gestures such as flicks or multi-finger taps on the screen
to move the focus and read text information. In our user study, we
informed the blind participants that they could visit all the exhibits
by selecting the predefined tour but did not inform them about the
spatial layout of the floor beforehand. Some participants visited
all the entrances of each exhibit by following the predefined tour
to briefly the whole structure of the floor, and then they visited
exhibits their interested one by one (Section 5.4.2).

The app is synchronized with the connected robot’s navigation
status. For example, the app speaks as the robot tries to avoid other
visitors. Detailed content is automatically opened when the user
and the robot arrive at an exhibit’s entrance. If the user becomes
interested in the exhibit and wants to explore it further, they can call
an SC through the app for further communication. The museum’s
SCs also have a smartphone app to promptly notify them of visitors’
requests. While supporting a visitor, an SC can command the robot
to move and wait at a designated waiting area near the exhibit’s
exit.

3.2.2  Autonomous Robot for Blind Navigation. As features to guide
the user safely, the mobile navigation robot is equipped with a
handle for the user to hold and visual sensors for awareness of
the surrounding obstacles and other visitors. The handle controls
the robot’s speed and navigation state, and it has four directional
buttons to provide user shortcuts (haptic handle in Fig. 3-A). The up
and down buttons control the speed. The robot’s maximum speed
is 1.0 m/s, but we set the default speed to 0.5 m/s for the museum
setting. The right and left buttons start and stop navigation. The
handle also has a touch sensor for the robot to detect whether the
user is holding the handle. The robot proceeds only while the user
holds the handle, unless an SC commands it to move and wait.

3.3 Exploration Scenario

The following is a typical scenario of museum exploration for a
blind visitor using the system.

(1) The blind visitor borrows a navigation robot (and a smart-
phone if needed) at the museum’s reception area. For the user
study, we specified a designated start area on the floor (Fig. 2,
Start).
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Figure 2: Floor map of science museum, predefined tour route, and typical science communicator (SC) guide routes

(2) The visitor opens the app on the smartphone and selects a
tour from the list of tours or an exhibit from the list. Blind
users control the smartphone using VoiceOver, the built-in
screen reader on iOS devices.

(3) The visitor holds the handle and pushes the right button on
the handle to command the robot to proceed (Fig. 1-D).

(4) The robot moves toward the next exhibit in the tour while the
smartphone app narrates a brief description of that exhibit
(Fig. 1-A).

(5) When the robot arrives at the exhibit entrance, the app auto-
matically pops up a browser to show the detailed text-based
web content of the exhibit.

(6) The visitor can browse the content on the app by using the

screen reader, call an SC for further communication about

the exhibit (Fig. 1-B and Fig. 3-B), or command the robot to
proceed to the next exhibit.

If an SC is called, the SCs’ smartphones receive a notification

with the user’s location, and each SC can accept or decline

the call (Fig. 3-D). When an SC accepts the call, The visitor’s
smartphone is notified that an SC is on their way. The SC
arrives at the visitor’s location, commands the robot to move
and wait at the exhibit’s exit using the visitor’s smartphone,

and accompanies the visitor into the exhibit (Fig. 1-C).

In the exhibit, the SC explains the visual features of the exhibit,

navigates the visitor to touchable features, helps the visitor

interact with interactive displays, and answers the visitor’s
questions.

(9) After exploring the exhibit, the SC guides the visitor to the
robot waiting at the exhibit’s exit. The visitor can resume
the rest of the tour by pushing the right button on the robot
handle (Fig. 1-D).

™)

8

=

Blind visitors walk with the robot while holding their white cane
with their right hand, holding the robot’s handle with their left
hand, and listening to the description of the current exhibit from
the smartphone in the user’s shoulder pouch. When they want to

manipulate the smartphone, they can stop the robot’s navigation
by releasing their left hand from the robot’s handle.

3.4 Implementation

Hersh et al. reported that visually impaired people prefer a navi-
gation robot that is inconspicuous and discreet but attractive and
elegant, and one that does not draw attention to the user [27]. Ac-
cordingly, we selected a navigation robot that looks like a suitcase
so that it can assimilate into the environment as shown in Fig. 3-A.
The robot’s hardware and software are based on an open-source
project®, which has been experimentally implemented in airports
and shopping malls. The robot has a 360-degree 3D LiDAR and
an RGB-Depth camera for safe navigation. The LiDAR sensor can
detect surrounding objects such as walls and obstacles to build a
2D cost map (a space with grid cells having values, where a lower
value represents free space). The navigation planner calculates the
least-cost path to the destination exhibit. The navigation system
has a predefined topological route map, which contains the mu-
seum’s possible itineraries, to consider the tour route during path
optimization such that the robot can navigate along the planned
route instead of taking the shortest path. The robot applies an ex-
tended footprint, including the robot body itself and the user’s
body size, for path planning of safe navigation without collision,
in the manner of CaBot [25]. The RGB-Depth camera can detect
and track people in front of the robot using the YOLOv4 [14] image
recognition engine, which enables the robot to behave in a social
way such as keeping appropriate distance. Before the experiment,
a researcher walked through the environment (2,100 m?) to build a
map for localization, which took about 30 minutes. However, the
map needs to be re-built if the layout is significantly changed. We
note that this period did not include preparing the exhibit descrip-
tions linked to the map. We asked the museum’s staff to write the
descriptions.

3https://github.com/CMU-cabot/cabot
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Figure 3: Overview of our prototype robot and the system for calling a science communicator (SC). (A) The handle of the
suitcase-shaped robot has four directional buttons to provide user shortcuts. (B) The robot and the smartphone in the user’s
shoulder pouch are connected via Bluetooth, and the user can call an SC or listen to a detailed description of the exhibit. (C)
The user’s current status is maintained in a cloud database. (D) When the user calls an SC, the SCs’ smartphones receive a

notification, and each SC can accept or decline the call.

We developed an i0S app for connection to the robot via Blue-
tooth by using the SwiftUI* and Google Cloud Firestore® frame-
works. The app was installed on an iPhone 12 Pro (Fig. 3). We
customized the robot system to enable synchronization between
the app and robot. The short descriptions for narration during navi-
gation as well as the detailed contents were edited by the museum’s
SCs. The average length of the short descriptions is 73.9 words (Max:
113 words, Min: 45 words). By using a database on Google Cloud
Firestore, the app can manage user status information, including
whether the user is calling an SC and where they are navigating
(Fig. 3-C). VoiceOver, the built-in screen reader on i0S, is activated
to enable the users to control the robot and browse content on the
app by themselves.

4 USER STUDY AND FOCUS GROUPS

To evaluate the effectiveness of the proposed museum exploration
system and its acceptance by museum visitors, we conducted a
real-world user study at the science museum during its normal
hours of operation. We asked eight blind participants to freely
explore and experience one floor of the museum for 90 minutes
using our system. Our research questions are To what extent can an
autonomous robot-based navigation system contribute to increasing
blind visitors’ autonomy and enjoyment in a museum? and How
will sighted visitors perceive the robot guiding blind visitors in a
science museum?. Thus, we designed an unstructured user study
(i-e., we did not ask participants to walk along pre-defined routes).
During the study, we also asked sighted visitors to complete a short
questionnaire about the robot’s social acceptance. Finally, after
the user study, we conducted two focus group sessions with the
blind participants [24]. In these sessions, we discussed their in-
depth needs and issues for developing a more independent museum
experience.

“https://developer.apple.com/xcode/swiftui/
Shttps://cloud.google.com/firestore/

4.1 Participants

We recruited blind participants via an e-newsletter to which 80
visually impaired people had subscribed. The subject conditions
were as follows: totally or legally blind people, ages between 20 and
70 years, ability to manipulate an iPhone using VoiceOver, ability
to go to the meeting place of the experiment (a station ticket gate)
by themselves, and $70 compensation. We recruited the first eight
blind participants to arrive (six men, two women) with ages ranging
from 25 to 53 years (mean 39.25, SD 10.41), as listed in Table 1. All
participants were totally blind and primarily used a cane. As seen
in Table 1, three participants (P1, P2, and P6) visited museums once
in a while, but the others had only visited a museum a few times
in their life. Six participants (P2 and P4-P8) visited the science
museum (Miraikan) for the first time in this study, and none of the
participants were familiar with the museum.

Autonomous service robots are still uncommon in public spaces.
Furthermore, compared with the conventional autonomous service
robots, such as security robots and delivery robots, blind navigation
robots are characterized by the user always moving beside the robot.
Thus, for this part of the study, two experimenters randomly spoke
to surrounding sighted visitors who saw the participants walking
with the robot, and asked them to fill out a short questionnaire
on the robot’s social acceptance. As gratitude for answering our
questionnaire, we gave them a ballpoint pen with the museum’s
logo. Through the four days in which the study was conducted, we
obtained questionnaire responses from 108 visitors in total.

4.2 Procedure and Metrics

4.2.1 Preliminary Interview and Training Session. After obtaining
an Institutional Review Board-approved (Application No.: 2020-039)
informed consent from the participants, we conducted a preliminary
interview of 10-15 minutes, in which we asked about their experi-
ences in museums. Then, we provided them with approximately 20
minutes of training to familiarize them with the system. Specifically,
they practiced walking with the robot, setting destinations with
the smartphone app, and calling an SC.
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Table 1: Demographic statistics of user study participants.

ID Age Gender Eyesight

Museum visits

No. of visits to this science museum

P1 49 Male
P2 25 Male
P3 35 Female
P4 29 Male
P5 51 Male
P6 29 Male
P7 53 Male
P8 43 Female

Blind since age 4

Blind since age 8
Blind since age 5
Blind since birth
Blind since age 3

Blind since age 14 1-2 times/year
2-3 times/year
Blind since age 14 A few times
Blind since age 10 A few times
A few times
Once every 2-3 years First time
A few times
A few times

Third time
First time
Second time
First time
First time

First time
First time

4.2.2  Main Session. After the training session, the participant
moved to the starting position at the floor’s entrance (Fig. 2). We
told the participant, “Please explore and experience the museum freely
for 90 minutes with the robot.”® We did not specify which destina-
tions to choose (the predefined tour or specific exhibits); instead,
the participants chose the destinations according to their personal
strategy and interests. The participants were informed that a re-
searcher would walk behind them (5-10 m away) to assist them
immediately if they required support. Since it was the first study
that used a blind navigation robot during the museum’s regular
hours of operation, the duration of the study was limited to 90
minutes in consideration of the physical and psychological burden
on the blind participants. We also informed the participants that
they could take a break whenever they liked.

During the main session, two experimenters randomly spoke
to surrounding sighted visitors who saw the participants walking
with the robot, and asked them to rate five questions on a 7-point
Likert scale (Fig. 5, Qs1-Qs5 (Questions for Sighted visitors)). The
questions are related to the robot’s social acceptance and were
designed by us. After they answered the questions, we gave them a
ballpoint pen with the museum’s logo.

4.2.3 Post-Session Interview. After the main session, we conducted
another interview, which took approximately 30 minutes. We first
asked the participants to answer a set of questions (Table 3, Q,1-
Qu6 (Questions for Users)) consisting of items answered on a 7-
point Likert scale (1: strongly disagree; 4: neutral; 7: strongly agree).
All questions are our own design; Q,1 and Q2 are related to our
research question on visitors’ enjoyment and autonomy, respec-
tively, Qu3 and Qu4 are about the system’s overall experience, and
Qu5 and Q6 are about the effectiveness of our system’s original
features. Then, we asked open-ended questions about the advan-
tages and issues of our system, their strategies for exploring the
museum with it, and suggestions for improvement.

4.3 Focus Groups

After finishing the user study, we organized two online focus
group sessions with four participants each. The sessions were semi-
structured to focus on further requirements for our museum ex-
ploration system. Specifically, we first asked the participants for
suggestions to improve their museum experience, namely, “Can

©All communication with the participants was in their native language. In this paper,
we present any translated content in the form of “translated content.”

you recommend any new functions to improve our museum explo-
ration system?” We further inquired about possible solutions to
better understand the exhibits’ contents in contrast to our current
system, which relies on SCs to guide blind participants in an ex-
hibit. The two focus groups covered the same topics, and each took
approximately 60 minutes. Each session was audio-recorded and
transcribed for further analysis.

5 RESULTS

5.1 Overview of Exploration Activity

Table 2 lists the order of exhibits visited by each participant. All
participants started their museum exploration by following the
predefined tour. Six participants (P1-P6) first completed the prede-
fined tour without calling an SC, while two participants (P7 and P8)
occasionally called an SC during the tour. After arriving at Exhibit
10 and finishing the predefined tour, six participants (P2-P4 and
P6-P8) visited some of the exhibits again by repeatedly navigating
to a specific exhibit from the exhibits list and calling an SC. The
other two participants (P1 and P5) followed the predefined tour
again and then called an SC when they arrived at an exhibit of
interest.

Table 2 also summarizes the activity duration times, including A)
the activities of walking with the robot, B) using the smartphone,
and A+B) time spent alone without the SCs’ support. During their
90-min sessions, the participants walked with the robot for about
9 min on average (Table 2-A). While we set 0.5 m/s as the default
robot speed, all participants changed the speed (P1: 0.8 m/s, P2-P6:
1.0 m/s, P7: 0.9 m/s, and P8: 0.75 m/s). The walking style of the
participants also differed (Table 2-Walking Style). The participants
spent approximately 17 min on average operating the app, including
selecting destinations, browsing descriptions, and waiting for SCs
(Table 2-B). Participants released their left hand from the robot’s
handle and operated the app. They all called SCs 5 or 6 times and
spent about 1 hour with the SCs. During the session, 2-4 SCs helped
support this study. On average, the participants spent 26 min alone
(about 30% of their time exploring the museum).

As an example, Fig. 4 shows the routes of P3 and the robot. P3
first followed the predefined tour and explored the entire floor.
Then, she visited five exhibits (Exhibits 4, 6, 7, 3, and 1) again
and called an SC at each exhibit, since she wanted to learn more
and ask questions about these specific exhibits. We describe the
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Table 2: Order of exhibits visited by the participants in the study (* indicates an exhibit where the participant called an SC),
together with their walking style (with the robot and their cane or with the robot only), the durations of A: walking with the

robot, B: using the smartphone, and A+B: the time spent alone

ID Order of exhibits they visited (*: called an SC) Walking A) With B) Using A+B
Style Robot Smartphone

P1  Tour (1-10), Tour (1%, 2, 3*, 4%, 5, 6%, 7, 8%, 9%) Cane & Robot 08:59 19:48 28:47
P2 Tour (1-10), 9%, 3%, 1%, 8%, 4%, 5" Cane & Robot 11:53 17:31 29:24
P3 Tour (1-10), 4", 6%, 7", 3%, 1* Robot only 08:25 16:25 24:50
P4 Tour (1-10), 3%, 5%, 8*, 9%, 10*, 6" Robot only 08:31 11:11 19:42
P5 Tour (1-10), Tour (1, 2, 3%, 4, 5, 6%, 7%, 8,9, 10¥), 5 Cane & Robot 10:27 13:43 24:10
P6 Tour (1-10), 1%, 3%, 4%, 8%, 9%, 10*, 6* Cane & Robot 07:41 28:24 36:05
P7 Tour (1%, 2-5, 6%, 7-10), 3*, 7%, 8", 4~ Cane & Robot 08:38 14:23 23:01
P8 Tour (1,2, 3% 4%, 5, 6% 7-10), 5%, 7%, 10* Robot only 07:25 16:15 23:40

Average 9:00 17:13 26:13

e

—>» Predefined Tour Route

—>» Exploration Routes Defined by P3

---» P3’s Routes with SCs Robot’s Routes Moving Alone

Figure 4: Example showing the routes of P3 and the robot in the user study. P3 first followed the predefined tour and explored
the entire floor (exhibits 1 to 10). Then, P3 visited five exhibits again and called a science communicator (SC) at each one

(Exhibits 4, 6, 7, 3, and 1).

participants’ comments on their museum exploration strategies
later, in Section 5.4.

5.2 Subjective Ratings

Table 3 summarizes the results for the six Likert-scale questions
(Qu1-Qu6). All of the participants agreed (by a score greater than 5)
that they enjoyed experiencing the museum with the robot (Qy1);
that they could explore the museum independently at their own
pace (Qu2); that they did not feel any danger while walking with
the robot (Qy3); and that calling the museum staff was effective
(Qu6). For usability (Qu4) and the effectiveness of the exhibits’ short
descriptions (Qy5), all of the participants except P6 gave positive
scores. While we gave participants a training session of only 20

minutes, in the main session, all participants were able to operate
the system with little or no assistance from us.

5.3 Social Acceptance of the Robot

Through the four days in which the study was conducted (two
participants per day), an average of 272 people per day visited the
museum (SD 52.7)7. We obtained questionnaire responses from 108
visitors in total, for an average of 13.5 visitors per blind participant.
The age distribution of the sighted visitors was as follows: teens and
younger: 22 (20.4%); 20-29: 21 (19.4%); 30-39: 30 (27.8%); 40-49: 27
(25%); 50-59: 4 (3.7%); 60-69: 2 (1.9%); 70 and older: 2 (1.9%). Figure 5
shows the questionnaire results (Qs1-Qs5). For all questions, the

"Before the COVID-19 outbreak, around 4,000-5,000 people per day typically visited
this museum.
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Table 3: Summary of Likert-scale responses (1: strongly disagree; 4: neutral; 7: strongly agree)

Question

P1 P2 P3 P4 P5 P6 P7 P8 Median

Qu1: I enjoyed exploring the museum with the robot.

Qu2: I could explore the museum independently at my own pace.
Qu3:1did not feel any danger while walking with the robot.

Qu4: The system was easy to use.

Qu5: The narration of the exhibits’ short descriptions was effective.

Qu6: Calling the museum staff was effective.
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value of the first quartile was more than 5 points, and we observed
that more than 75% of the visitors accepted the user and the robot.
The details of the results are as follows: 99.1% agreed that a robot
for blind visitors should be introduced in museums (Qs1); 78.7%
felt that the movements of the blind visitors and the robot were
natural (Qs2); 86.1% did not feel that the blind visitors and the robot
were disruptive (Qs3); 88.9% did not feel any danger from the blind
visitors and the robot (Qs4); and 78.7% accepted the robot’s camera
capturing them (Qs5).

5.4 Qualitative Feedback

5.4.1 Overall Experience. All participants appreciated that our sys-
tem enabled them to explore the exhibits independently at their
own pace: Al: “Just like sighted people who enjoy museums, I could
walk around the exhibits by myself at my own pace and request an
SC when I wanted a guide. It was a fun experience that I've never
had.” (P6); and A2: ‘T could go around the exhibits at my own pace in
my preferred order. When I go with a friend, I do not want to spend
a long time on exhibits that my friend is not interested in, even if I
want to go. With this robot, I could go around my favorite exhibits as
much as I wanted.” (P8)

We conducted the user study during the museum’s regular hours
of operation. Although other visitors constantly came and went
on the floor (272 people per day on average during the study),
five participants (P3-P5, P7, and P8) did not feel any danger while
walking with the robot: A3: “(When I used the robot,) I did not have
any stress while moving. I could focus on the audio summary of the
next exhibit and listen to sounds from the exhibits. I could get into the
atmosphere of the exhibits.” (P3); and A4: “Even in an environment
with people, the system properly stopped or avoided people, so I could
walk with confidence.” (P7)

5.4.2  Museum Exploration Strategies. The orders of the exhibits
that the participants visited varied among them. All of the partici-
pants started their museum experience by following the predefined
tour to explore the whole floor. After completing the predefined
tour, six participants (P2-P4 and P6-P8) went to specific exhibits
according to their interests, while two participants (P1 and P5)
followed the predefined tour again: A5: “After grasping the whole
structure of the floor by following the tour, I went to the places that
interested me and that had high priority for me one by one. It was good
to grasp the whole structure of the floor not only by listening to the
voice guidance for the exhibit list but also by listening to the sounds
from exhibits and feeling the atmosphere while walking.” (P2); and

A6:“At first, I went around the floor and grasped the rough structure
and size of the floor and what I was interested in. Because I could not
remember the exhibits only by listening to their titles, I followed the
tour again [by not selecting a destination from the list] and remem-
bered the exhibit contents by listening to the summary while walking.
Then, I requested an SC at the exhibits I was interested in.” (P5)

5.4.3 Narration of Exhibits’ Short Descriptions. Three participants
(P1, P4, and P7) gave positive comments on the function of nar-
rating the exhibits’ short descriptions: A7: “(When I walked with
the robot,) the feeling was close to being guided by a person. When
I moved, I trusted the robot and could walk while listening to the
short descriptions and surrounding sound and thinking about the next
exhibit.” (P1) On the other hand, P6 commented that the narration
function was not effective: A8:“T was not used to the robot yet, and it
was difficult to concentrate on listening to the short descriptions.” (P6)

5.4.4 Calling an SC. As seen for Q6 in Table 3, all of the partici-
pants greatly appreciated that the system could call museum staff
when needed: A9: ‘T did not want to bother the SCs by asking them
to guide me all the way. The function to call an SC only when needed
was good.” (P8); and A10: “Compared to walking with a single staff
member all the way, I'm glad I could talk to various SCs.” (P3)

5.4.5 System Usability. Although seven participants rated the sys-
tem as easy to use (Table 3, Q4), some participants provided sugges-
tions for improving the user interface: A11: “When the robot stopped,
I could not understand whether it had stopped because there was a
person in front of us or I had held the handle incorrectly. I would like
to know why the robot has stopped at the same time it stops.” (P6)

5.5 Focus Groups

This section summarizes the participants’ comments in the two
online focus group sessions (Group A: P2, and P5-P7; Group B: P1,
P3, P4, and P8).

5.5.1 Toward a More Independent Museum Experience. When we
asked the participants for suggestions to improve their museum
experience, all of the participants commented that they wanted to
listen to audio guidance while walking through an exhibit area:
A12:“Among the exhibit areas that the SC introduced, there were
some exhibits where I could experience the sizes of museum objects by
walking around them. Rather than just listening to guidance in front
of the entrance, it would be nice if I could listen to the descriptions
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Strongly Disgree Neutral Strongly Agree

1 2 3 4 5 6 7
Qs1 Iagree that such assistive robots for blind visitors should be introduced in museums. O I—IZI
Qs2 The movements of the blind people and the robot looked natural. O I :l:l
Qs3 Idid not feel that the blind people and the robot were disruptive. O O ]
Qs4 Idid not feel any danger from the blind people and the robot. O O ]
Qs5 Iam okay with the robot's camera capturing me if the captured data is not saved. O ' ]

Figure 5: Questionnaire results of the social acceptance of the robot

while walking inside with the robot and experiencing the objects’ sizes.”
(P2)

In the proposed system, we rely on SCs to guide blind participants
through an exhibit. Five participants (P1 and P5-P8) wanted to call
SCs to have them discuss the contents of an exhibit rather than
explain the exhibit. In addition, six participants (P1, P3-P6, and P8)
commented that they wanted to learn about the exhibits’ contents
more independently: A13: T called an SC every time I wanted to enjoy
an exhibit in this experiment, but I would prefer to call an SC only
when I have questions after I understand the exhibit as much as I can
with the robot.” (P1); and A14: “Because I come up with questions as I
walk around exhibits, it would be nice if the Al [Artificial Intelligence]
could respond. If the system explanation is only one-sided (like the
current system), I would prefer to call an SC and enjoy exhibits while
asking questions.” (P6)

6 DISCUSSION

6.1 Independent Museum Experience

The proposed system successfully enabled blind participants to
explore a science museum by effectively combining the power of
a navigation robot and the intelligence of human assistants. All
of the participants agreed that they enjoyed exploring with the
robot (Table 3, Q1) and could explore the museum independently
at their own pace (Table 3, Q2). While previous studies have evalu-
ated the effectiveness of navigation systems, including navigation
robots, through task-based user studies where blind participants
were asked to walk along pre-fixed routes [34, 36], in this study,
the participants chose to visit a variety of exhibits according to
their own interests and strategies (Table 2, A5 and A6). In the user
study, participants interacted with the system for about 26 minutes
on average, meaning the system-human ratio in elapsed time was
roughly 30:70. (Table 2). Nevertheless, the participants appreciated
the independent museum experience in the user study because such
experiences have not been possible for them when they visited a
museum alone or with their families and friends (A1 and A2).
The participants rated the predefined tour highly because they
could experience and grasp the rough structure and size of the floor
by walking through it rather than just listening to a long verbal
description of it before navigating the museum (A5 and A6). The
narration of the short description of each exhibit during navigation
toward it was effective for independent museum exploration (Ta-
ble 3, Q5). Participants appreciated that the short descriptions were
useful for accessing the information about exhibits and selecting

the exhibits of interest. The participants could gain an overview of
the upcoming exhibit while walking (A7).

The participants unanimously agreed on the effectiveness of call-
ing a museum staff member (SC) via the smartphone app (Table 3,
Q6). They commented on their need to ask the museum staff for
support, but at the same time, they typically hesitate to take the
time of museum staff for an entire visit, or they feel uncomfortable
being accompanied by a human assistant. In contrast, our system
enabled blind visitors to call staff members for support only when
they needed it. They felt comfortable asking for support from mul-
tiple assistants, and they enjoyed communicating with multiple
assistants (A9 and A10).

6.2 Safety Concerns

Maintaining a sense of safety for both blind and sighted visitors
is one of the critical challenges in deploying navigational robots
in a real-world museum setting. While many previous navigation
systems, including navigation robots [12, 17, 25, 46, 59, 61, 68], were
evalated in controlled environments where there are no surround-
ing pedestrians [34, 36], this user study was conducted during the
museum’s regular hours of operation, when other visitors to the
floor constantly came and left. Even in such a real-world situation,
the participants could walk with the robot through the museum
floor without any incident or safety concern (Table 3, Q3). They
could rely on the robot’s navigation and focus on the museum
experience (A3 and A4). Three participants in particular explored
the museum without taking their cane (Table 2-Walking Style). In
addition, 86.1% of the sighted questionnaire respondents who saw
the participants and the robot also did not feel any danger from
their movements (5-7 points in Fig. 5, Q10). We cannot generalize
these results to other situations without more data, especially for
cases when the museum is crowded. Nevertheless, neither the blind
nor sighted visitors had any particular safety issues or concerns in
the study environment. This is an encouraging result that can be
regarded as a beachhead for designing our next exploration system
for real-world deployment.

6.3 Social Acceptance

In the user study, the surrounding sighted visitors accepted the
navigation robot well (Fig. 5): 99.1% of them agreed that assistive
robots for blind visitors should be introduced in museums (5-7
points in Fig. 5, Q7), and the percentage of visitors who felt that
the blind people and the robot were disruptive was only 2.8% (1-3
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in Fig. 5, Q9). Researchers have previously reported on blind users’
considerations of their own image and the public perception of
assistive technologies [4, 5, 11, 31, 39, 51, 56], but in this study,
78.7% of the sighted visitors regarded the presence of a blind user
and robot as natural (5-7 in Fig. 5, Q8).

Privacy concerns about camera-based technologies have been
discussed in previous studies [1, 4, 39, 52]. We mounted a camera on
top of the robot, and thus we expected this feature to raise privacy
concerns. However, we found that the sighted visitors generally
(78.7%) accepted the robot’s camera capturing them (5-7 in Fig. 5,
Q11). Privacy concerns are usually considered the most serious
challenge for the practical deployment of camera-based assistive
technologies. However, we found that the use of a camera may not
be a deal-breaker for social acceptance and practical deployment in
science museums if the robot operates to assist blind people.

On the other hand, we could not investigate how the experience
of sighted visitors could be affected by the use of the navigation ro-
bot because the robot navigated blind users among sub-exhibitions
rather than inside each sub-exhibition. For example, if the robot
navigates blind users in the crowded sub-exhibitions, there are
some interactions with surrounding people, such as waiting in line
to experience exhibit objects. Designing systems that conform to
such social norms is important to realize assistive systems with
high social acceptability. The impact on the museum experience of
not only the bind visitors but also the surrounding sighted visitors
should be investigated.

6.4 System Usability

We built the museum navigation system by combining a blind nav-
igation robot [25] and a newly developed smartphone application.
The application allows blind users to select the robot’s destina-
tion and listen to the exhibits’ short descriptions. Although seven
of the eight participants rated the system as easy to use (Table 3,
Q4), we also found opportunities to improve the user interface. P6
negatively rated the system’s usability (Table 3, Q4) and the effec-
tiveness of the exhibits’ short descriptions (Table 3, Q5). His point
concerned the transparency of the robot’s actions. For example, he
commented that he wanted to know the reason for stopping each
time the robot stopped (A11). The robot can be designed to explain
the reason for each stop while navigating, like assistive systems that
informs the user about nearby points-of-interest (POIs) [55]. How-
ever, such additional information may conflict with the exhibits’
short descriptions and overwhelm users with too much informa-
tion. Consequently, we need to carefully balance the information
presented. One possible solution is to provide the blind users with a
means to ask the robot about the reasons for the robot’s behaviors.

In addition, P6 commented that he could not pay attention to the
short descriptions because he had to pay attention to the robot (A8).
This situation might improve with more usage of the system. In this
study, only P6 gave negative ratings, but we should expect more
diverse feedback, given the variety of skills and experiences among
the blind population. Accordingly, we should carefully design and
evaluate interface options and personalization features to meet each
user’s characteristics (e.g., walking and smartphone skills).
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6.5 Toward a More Independent Museum
Experience

The proposed system successfully improved the independence of
participants by focusing on navigation and exploration among sub-
exhibitions (A1 and A2). We found a strong preference of users to
be independent. Most participants commented that they would like
to spend more time without being dependent on SCs (A13 and A14).
Six participants commented that they would like to understand each
exhibit’s content as much as they can with the robot and then call
an SC only when they have questions (A13). All of the participants
wanted robot navigation “inside” each sub-exhibition, rather than
just listening to guidance at the entrance, as was the case in this
study. Each sub-exhibition consists of several panels/exhibits every
1 to 2 m, so the robot should be able to navigate a user among
panels/exhibits along a typical route on a finer scale.

Beyond this finer navigation and explanation, blind visitors
strongly prefer independence in their science museum experience,
but enabling non-visual science communication is the challenge.
One possible future direction is the use of automated or remote
question-answering (Q&A) technologies. Five participants agreed
that science communication was a valuable experience in the mu-
seum because it enabled them to ask questions (A13-A14). They
also commented that they preferred even this question-answer part
to be automated; for example, this could be done with a remote
assistance system [3, 13], a chat system with museum staff [19], or
an Al-based Q&A system [6, 44, 63] on the robot or the app.

At this moment, the appropriate balance between independent
exploration with an assistive robot and human assistance for sci-
ence communication is not clear. Blind visitors require human
assistance, but they would also prefer an independent experience,
as we observed in the focus group sessions. We hope to improve our
system to navigate inside sub-exhibitions and integrate automated
or remote Q&A technologies.

6.6 User Study Limitations

During the user study, an average of 272 people visited the museum
every day. However, before the COVID-19 outbreak, approximately
4,000-5,000 people visited the museum on a typical day. Since
the adopted system was derived from a navigation robot project!
that had been tested in crowded environments such as shopping
malls and airports, we assumed that the robot could navigate blind
users safely in a crowded museum while avoiding collisions with
pedestrians. In contrast, a robot in crowded environments may stop
more frequently than in the environment used in our experiments,
and this may affect the blind visitors’ exploration experience. Thus,
in the future, we plan to verify whether the robot can work in such
a crowded environment and how the system’s usability will be
affected.

Although the duration of this user study was limited to 90 min-
utes in consideration of the physical and psychological burden on
the blind participants, most visitors would spend more time en-
joying the museum. The longer visitors spend in the museum, the
more they need facilities other than the exhibits in the museum.
Engel et al. reported some blind people’s requirements for indoor
navigation, such as toilets and automatic machines [20]. To realize
a more practical and helpful system, we would like to survey blind
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visitors’ needs for the museum navigation, design an interface for
blind users to receive a variety of information and send instructions
to the robot, and conduct user studies without time limits.

7 CONCLUSION

In this study, by effectively combining the power of a navigation
robot and the intelligence of human assistants, we developed and
evaluated a museum navigation system that enables blind visitors to
explore a science museum with greater independence. The system
consists of a navigation robot and a smartphone app. The smart-
phone app allows a blind visitor to select destinations of interest
and hear descriptions of the exhibits. The navigation robot detects
obstacles and nearby visitors to avoid collisions and leads the user
to their destination safely and independently.

Our evaluation was divided into three components. The first
was a user study conducted at a real science museum with eight
blind participants. All participants could navigate the museum
safely, without any collisions, and explore the exhibits at their
own pace and according to their own interests for 90 minutes.
They unanimously agreed on the effectiveness of calling a museum
staff member (SC) for assistance or interaction regarding exhibit
contents. The second component was a questionnaire on social
acceptance by nearby sighted visitors. The questionnaire results
revealed that the sighted visitors accepted the navigation robot
without feeling any disruption or danger and without significant
privacy concerns about the robot’s camera. The third component
consisted of focus group sessions with the blind participants. These
sessions revealed that although the participants were very happy
with the system, they would prefer to increase their independence
and talk to a human science communicator only when an interactive
conversation is needed. They also commented that they would like
to use the robot in other use cases, such as at airports, shopping
malls, and hospitals.

The notion of “independence in public spaces” may be one of the
grand challenges in navigation technologies for blind people. We
will improve the system to allow further independence by focusing
on the science museum, with not only improved navigation features
but also a Q&A system and user behavior analysis to provide more
flexible assistance with exhibit objects. This research aims to enable
the blind to experience a deeper scientific museum experience by
integrating human assistance and automation.

ACKNOWLEDGMENTS

We thank the Miraikan - The National Museum of Emerging Science
and Innovation, Science Communicators, and all study participants.
This work was supported by JST-Mirai Program (JPMJMI19B2) and
JSPS KAKENHI (JP20J23018)

REFERENCES

[1] Tousif Ahmed, Apu Kapadia, Venkatesh Potluri, and Manohar Swaminathan. 2018.
Up to a Limit? Privacy Concerns of Bystanders and Their Willingness to Share
Additional Information with Visually Impaired Users of Assistive Technologies.
Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 2, 3, Article 89 (Sept. 2018),
27 pages. https://doi.org/10.1145/3264899

Dragan Ahmetovic, Nahyun Kwon, Uran Oh, Cristian Bernareggi, and Sergio
Mascetti. 2021. Touch Screen Exploration of Visual Artwork for Blind People. In
Proceedings of the Web Conference 2021 (WWW °21). ACM, New York, NY, USA,
2781-2791. https://doi.org/10.1145/3442381.3449871

[3] Aira. 2021. Aira. Retrieved 2021-08-28 from https://aira.io/

&,

Seita Kayukawa, et al.

[4] Taslima Akter, Tousif Ahmed, Apu Kapadia, and Swami Manohar Swaminathan.
2020. Privacy Considerations of the Visually Impaired with Camera Based
Assistive Technologies: Misrepresentation, Impropriety, and Fairness. In Pro-
ceedings of the 22nd International ACM SIGACCESS Conference on Comput-
ers and Accessibility (ASSETS °20). ACM, New York, NY, USA, 1-14. https:
//doi.org/10.1145/3373625.3417003

[5] Taslima Akter, Bryan Dosono, Tousif Ahmed, Apu Kapadia, and Bryan Semaan.
2020. "T am uncomfortable sharing what I can’t see": Privacy Concerns of the Visu-
ally Impaired with Camera Based Assistive Applications. In 29th USENIX Security
Symposium (USENIX Security 20). USENIX Association, Berkeley, CA, USA, 1929-
1948. https://www.usenix.org/conference/usenixsecurity20/presentation/akter

[6] Dario Allegra, Francesco Alessandro, Corrado Santoro, and Filippo Stanco. 2018.
Experiences in Using the Pepper Robotic Platform for Museum Assistance Appli-
cations. In 2018 25th IEEE International Conference on Image Processing (ICIP °18).
IEEE, New York, NY, USA, 1033-1037. https://doi.org/10.1109/ICIP.2018.8451777

[7] Giorgos Anagnostakis, Michalis Antoniou, Elena Kardamitsi, Thodoris Sachinidis,

Panayiotis Koutsabasis, Modestos Stavrakis, Spyros Vosinakis, and Dimitris Zissis.

2016. Accessible Museum Collections for the Visually Impaired: Combining

Tactile Exploration, Audio Descriptions and Mobile Gestures. In Proceedings of

the 18th International Conference on Human-Computer Interaction with Mobile

Devices and Services Adjunct (MobileHCI ’16). ACM, New York, NY, USA, 1021-

1025. https://doi.org/10.1145/2957265.2963118

Vassilios S Argyropoulos and Charikleia Kanari. 2015. Re-imagining the mu-

seum through “touch”: Reflections of individuals with visual disability on

their experience of museum-visiting in Greece. Alter 9, 2 (2015), 130-143.

https://doi.org/10.1016/j.alter.2014.12.005

Saki Asakawa, Jodo Guerreiro, Dragan Ahmetovic, Kris M. Kitani, and Chieko

Asakawa. 2018. The Present and Future of Museum Accessibility for People with

Visual Impairments. In Proceedings of the 20th International ACM SIGACCESS

Conference on Computers and Accessibility (ASSETS ’18). ACM, New York, NY,

USA, 382-384. https://doi.org/10.1145/3234695.3240997

Saki Asakawa, Jodo Guerreiro, Daisuke Sato, Hironobu Takagi, Dragan Ahme-

tovic, Desi Gonzalez, Kris M. Kitani, and Chieko Asakawa. 2019. An Independent

and Interactive Museum Experience for Blind People. In Proceedings of the 16th

International Web for All Conference (W4A °19). ACM, New York, NY, USA, Article

30, 9 pages. hitps://doi.org/10.1145/3315002.3317557

Mauro Avila Soto and Markus Funk. 2018. Look, a Guidance Drone! Assessing

the Social Acceptability of Companion Drones for Blind Travelers in Public

Spaces. In Proceedings of the 20th International ACM SIGACCESS Conference on

Computers and Accessibility (ASSETS ’18). ACM, New York, NY, USA, 417-419.

https://doi.org/10.1145/3234695.3241019

Shiri Azenkot, Catherine Feng, and Maya Cakmak. 2016. Enabling Building

Service Robots to Guide Blind People: A Participatory Design Approach. In The

Eleventh ACM/IEEE International Conference on Human Robot Interaction (HRI ’16).

IEEE Press, Piscataway, NJ, USA, 3-10. https://dl.acm.org/doi/10.5555/2906831.

2906835

[13] BeMyEyes. 2021. BeMyEyes. Retrieved 2021-08-28 from https://www.bemyeyes.

com/

Alexey Bochkovskiy, Chien-Yao Wang, and Hong-Yuan Mark Liao. 2020. YOLOv4:

Optimal Speed and Accuracy of Object Detection. arXiv:2004.10934 [cs.CV]

Wolfram Burgard, Armin B Cremers, Dieter Fox, Dirk Hahnel, Gerhard Lake-

meyer, Dirk Schulz, Walter Steiner, and Sebastian Thrun. 1998. The Interactive

Museum Tour-Guide Robot. In Proceedings of the Fifteenth National/Tenth Con-

ference on Artificial Intelligence/Innovative Applications of Artificial Intelligence

(AAAI 98/IAAI *98). AAAL, Palo Alto, CA, USA, 11-18. https://www.aaai.org/

Library/AAAI/1998/aaai98-002.php

[16] Serap Buyurgan. 2009. The Expectations of the Visually Impaired University

Students from Museums. Educational Sciences: Theory and Practice 9, 3 (2009),

1191-1204.

Tzu-Kuan Chuang, Ni-Ching Lin, Jih-Shi Chen, Chen-Hao Hung, Yi-Wei Huang,

Chunchih Tengl, Haikun Huang, Lap-Fai Yu, Laura Giarré, and Hsueh-Cheng

Wang. 2018. Deep Trail-Following Robotic Guide Dog in Pedestrian Environments

for People who are Blind and Visually Impaired - Learning from Virtual and Real

Worlds. In Proceedings of the 2018 IEEE International Conference on Robotics and

Automation (ICRA ’18). IEEE Press, Piscataway, NJ, USA, 1-7. https://doi.org/10.

1109/ICRA.2018.8460994

Katherine Deibel. 2013. A Convenient Heuristic Model for Understanding Assis-

tive Technology Adoption. In Proceedings of the 15th International ACM SIGAC-

CESS Conference on Computers and Accessibility (ASSETS ’13). ACM, New York,

NY, USA, Article 32, 2 pages. https://doi.org/10.1145/2513383.2513427

Mengdi Ding. 2016. Arts and Technology: How one Museum’s App is Connecting

Visitors and Driving Institutional Change. Americans for the Arts. Retrieved

August 28, 2021 from https://namp.americansforthearts.org/2019/05/15/arts-and-

technology-how-one-museum\T1\textquoterights-app-is-connecting-visitors-

and-driving-institutional-change

—_
&

—
L

[10

[11

=
&

[14

[15

[17

[18

=
2


https://doi.org/10.1145/3264899
https://doi.org/10.1145/3442381.3449871
https://aira.io/
https://doi.org/10.1145/3373625.3417003
https://doi.org/10.1145/3373625.3417003
https://www.usenix.org/conference/usenixsecurity20/presentation/akter
https://doi.org/10.1109/ICIP.2018.8451777
https://doi.org/10.1145/2957265.2963118
https://doi.org/10.1016/j.alter.2014.12.005
https://doi.org/10.1145/3234695.3240997
https://doi.org/10.1145/3315002.3317557
https://doi.org/10.1145/3234695.3241019
https://dl.acm.org/doi/10.5555/2906831.2906835
https://dl.acm.org/doi/10.5555/2906831.2906835
https://www.bemyeyes.com/
https://www.bemyeyes.com/
https://arxiv.org/abs/2004.10934
https://www.aaai.org/Library/AAAI/1998/aaai98-002.php
https://www.aaai.org/Library/AAAI/1998/aaai98-002.php
https://doi.org/10.1109/ICRA.2018.8460994
https://doi.org/10.1109/ICRA.2018.8460994
https://doi.org/10.1145/2513383.2513427
https://namp.americansforthearts.org/2019/05/15/arts-and-technology-how-one-museum\T1\textquoteright s-app-is-connecting-visitors-and-driving-institutional-change
https://namp.americansforthearts.org/2019/05/15/arts-and-technology-how-one-museum\T1\textquoteright s-app-is-connecting-visitors-and-driving-institutional-change
https://namp.americansforthearts.org/2019/05/15/arts-and-technology-how-one-museum\T1\textquoteright s-app-is-connecting-visitors-and-driving-institutional-change

Enhancing Blind Visitor’s Autonomy in a Science Museum Using an Autonomous Navigation Robot

[20] Christin Engel, Karin Miiller, Angela Constantinescu, Claudia Loitsch, Vanessa

Petrausch, Gerhard Weber, and Rainer Stiefelhagen. 2020. Travelling More Inde-
pendently: A Requirements Analysis for Accessible Journeys to Unknown Build-
ings for People with Visual Impairments. In Proceedings of the 22nd International
ACM SIGACCESS Conference on Computers and Accessibility (ASSETS "20). ACM,
New York, NY, USA, Article 27, 11 pages. https://doi.org/10.1145/3373625.3417022
Giuseppe Ghiani, Barbara Leporini, and Fabio Paterno. 2008. Supporting Ori-
entation for Blind People Using Museum Guides. In CHI'08 extended abstracts
on Human factors in computing systems (CHI EA "08). ACM, New York, NY, USA,
3417-3422. https://doi.org/10.1145/1358628.1358867

Giuseppe Ghiani, Barbara Leporini, and Fabio Paterno. 2009. Vibrotactile feedback
to aid blind users of mobile guides. Journal of Visual Languages & Computing 20,
5(2009), 305-317. https://doi.org/10.1016/j.jvlc.2009.07.004

Desi Gonzalez. 2017. A path with choice: What we learned from designing an
inclusive audio guide. Museums and the Web (MW ’17). Retrieved 2021-09-
06 from https://mw17.mwconf.org/paper/a-path-with-choice- what-we-learned-
from-designing-an-inclusive-audio-guide/

Thomas L Greenbaum. 1998. The handbook for focus group research. Sage, Los
Angeles, CA, USA. https://doi.org/10.4135/9781412986151

[25] Jodo Guerreiro, Daisuke Sato, Saki Asakawa, Huixu Dong, Kris M. Kitani, and

Chieko Asakawa. 2019. CaBot: Designing and Evaluating an Autonomous Naviga-
tion Robot for Blind People. In The 21st International ACM SIGACCESS Conference
on Computers and Accessibility (ASSETS ’19). ACM, New York, NY, USA, 68-82.
https://doi.org/10.1145/3308561.3353771

Kozue Handa, Hitoshi Dairoku, and Yoshiko Toriyama. 2010. Investigation of
priority needs in terms of museum service accessibility for visually impaired
visitors. British journal of visual impairment 28, 3 (2010), 221-234. https://doi.
org/10.1177/0264619610374680

Marion A. Hersh and Michael A. Johnson. 2012. A Robotic Guide for Blind
People Part 2: Gender and National Analysis of a Multi-national Survey and
the Application of the Survey Results and the CAT Model to Framing Robot
Design Specifications. Appl. Bionics Biomechanics 9, 1 (Jan. 2012), 29-43. https:
//doi.org/10.3233/ABB-2011-0034

Phoebe Hillemann. 2016. Art Museum Tours For Visitors Who Are Blind. Re-
trieved 2021-08-28 from https://americanart.si.edu/blog/eye-level/2016/09/317/
art-museum-tours-visitors-who-are-blind

Dhruv Jain. 2014. Pilot Evaluation of a Path-Guided Indoor Navigation System
for Visually Impaired in a Public Museum. In Proceedings of the 16th international
ACM SIGACCESS conference on Computers & Accessibility (ASSETS ’14). ACM,
New York, NY, USA, 273-274. https://doi.org/10.1145/2661334.2661405

Anna Jankowska, Agnieszka Szarkowska, Krzysztof Krejtz, Anita Fidyka, Jaroslaw
Kowalski, and Marcin Wichrowski. 2017. Smartphone app as a museum guide.
Testing the Open Art application with blind, deaf, and sighted users. Rivista
internazionale di tecnica della traduzione 19 (2017), 113-130. https://doi.org/10.
13137/2421-6763-17354

Shaun K. Kane, Chandrika Jayant, Jacob O. Wobbrock, and Richard E. Ladner.
2009. Freedom to Roam: A Study of Mobile Device Adoption and Accessibility for
People with Visual and Motor Disabilities. In Proceedings of the 11th International
ACM SIGACCESS Conference on Computers and Accessibility (ASSETS '09). ACM,
New York, NY, USA, 115-122. https://doi.org/10.1145/1639642.1639663

Seita Kayukawa, Keita Higuchi, Jodo Guerreiro, Shigeo Morishima, Yoichi Sato,
Kris Kitani, and Chieko Asakawa. 2019. BBeep: A Sonic Collision Avoidance
System for Blind Travellers and Nearby Pedestrians. In Proceedings of the 2019
CHI Conference on Human Factors in Computing Systems (CHI "19). ACM, New
York, NY, USA, 1-12. https://doi.org/10.1145/3290605.3300282

Seita Kayukawa, Tatsuya Ishihara, Hironobu Takagi, Shigeo Morishima, and
Chieko Asakawa. 2020. Guiding Blind Pedestrians in Public Spaces by Under-
standing Walking Behavior of Nearby Pedestrians. Proceedings of the ACM on
Interactive, Mobile, Wearable and Ubiquitous Technologies (ACM IMWUT) 4, 3
(2020), 1-22. https://doi.org/10.1145/3411825

Sulaiman Khan, Shah Nazir, and Habib Ullah Khan. 2021. Analysis of Navigation
Assistants for Blind and Visually Impaired People: A Systematic Review. IEEE
Access 9 (2021), 26712-26734. https://doi.org/10.1109/ACCESS.2021.3052415
Marion Koelle, Swamy Ananthanarayan, and Susanne Boll. 2020. Social Accept-
ability in HCI: A Survey of Methods, Measures, and Design Strategies. In Pro-
ceedings of the 2020 CHI Conference on Human Factors in Computing Systems (CHI
’20). ACM, New York, NY, USA, 1-19. https://doi.org/10.1145/3313831.3376162
Bineeth Kuriakose, Raju Shrestha, and Frode Eika Sandnes. 2020. Tools and
Technologies for Blind and Visually Impaired Navigation Support: A Review. IETE
Technical Review 0, 0 (2020), 1-16. https://doi.org/10.1080/02564602.2020.1819893
arXiv:https://doi.org/10.1080/02564602.2020.1819893

Gerard Lacey and Shane MacNamara. 2000. Context-Aware Shared Control of a
Robot Mobility Aid for the Elderly Blind. The International Journal of Robotics
Research 19, 11 (2000), 1054-1065. https://doi.org/10.1177/02783640022067968
Steven Landau, William Wiener, Koorosh Naghshineh, and Ellen Giusti. 2005.
Creating Accessible Science Museums With User-Activated Environmental Audio
Beacons (Ping!). Assistive Technology 17, 2 (2005), 133-143. https://doi.org/10.
1080/10400435.2005.10132103

CHI 23, April 23-28, 2023, Hamburg, Germany

[39] Kyungjun Lee, Daisuke Sato, Saki Asakawa, Hernisa Kacorri, and Chieko

Asakawa. 2020. Pedestrian Detection with Wearable Cameras for the Blind:
A Two-way Perspective. In Proceedings of the 2020 CHI Conference on Hu-
man Factors in Computing Systems (CHI "20). ACM, New York, NY, USA, 1-12.
https://doi.org/10.1145/3313831.3376398

Kanak Manjari, Madhushi Verma, and Gaurav Singal. 2020. A survey on Assistive
Technology for visually impaired. Internet of Things 11 (2020), 100188. https:
//doi.org/10.1016/j.i0t.2020.100188

Apostolos Meliones and Demetrios Sampson. 2018. Blind MuseumTourer: A Sys-
tem for Self-Guided Tours in Museums and Blind Indoor Navigation. Technologies
6,1(2018), 4. https://doi.org/10.3390/technologies6010004

A Allan Melvin, B Prabu, R Nagarajan, and Bukhari Illias. 2009. ROVI: A Robot for
Visually Impaired for Collision-free Navigation. In Proceedings of the International
Conference on Man-Machine Systems (ICoMMS 2009). Universiti Malaysia Perlis,
Kangar and Arau, Perlis, Malaysia, 3B5-1.

Susana Mesquita and Maria Jodo Carneiro. 2016. Accessibility of European
museums to visitors with visual impairments. Disability & Society 31, 3 (2016),
373-388. https://doi.org/10.1080/09687599.2016.1167671

Sewon Min, Jordan Boyd-Graber, Chris Alberti, Danqi Chen, Eunsol Choi, Michael
Collins, Kelvin Guu, Hannaneh Hajishirzi, Kenton Lee, Jennimaria Palomaki, et al.
2021. NeurIPS 2020 EfficientQA Competition: Systems, Analyses and Lessons
Learned. In Proceedings of the NeurIPS 2020 Competition and Demonstration Track
(Proceedings of Machine Learning Research, Vol. 133), Hugo Jair Escalante and Katja
Hofmann (Eds.). PMLR, 86-111. https://proceedings.mlr.press/v133/min21a.html
The Andy Warhol Museum. 2018. Accessibility-The Andy Warhol Museum. Re-
trieved 2021-08-28 from https://www.warhol.org/accessibility-accommodations/
Amal Nanavati, Xiang Zhi Tan, and Aaron Steinfeld. 2018. Coupled Indoor
Navigation for People Who Are Blind. In Companion of the 2018 ACM/IEEE
International Conference on Human-Robot Interaction (HRI ’18). ACM, New York,
NY, USA, 201-202. https://doi.org/10.1145/3173386.3176976

Illah R Nourbakhsh, Clayton Kunz, and Thomas Willeke. 2003. The mobot
museum robot installations: A five year experiment. In Proceedings 2003 IEEE/RS}
International Conference on Intelligent Robots and Systems (IROS °03), Vol. 4. IEEE,
IEEE, New York, NY, USA, 3636-3641. https://doi.org/10.1109/IROS.2003.1249720
The Metropolitan Museum of Art. 2018. For Visitors Who Are Blind or Par-
tially Sighted. Retrieved 2021-08-28 from https://www.metmuseum.org/events/
programs/access/visitors-who-are-blind-or-partially-sighted

Suraj R. Pardeshi, Vikul J. Pawar, Kailas D. Kharat, and Sachin Chavan. 2021.
Assistive Technologies for Visually Impaired Persons Using Image Processing
Techniques — A Survey. In Recent Trends in Image Processing and Pattern Recog-
nition, K. C. Santosh and Bharti Gawali (Eds.). Springer Singapore, Singapore,
95-110. https://doi.org/10.1007/978-981-16-0507-9_9

Hugo Paredes, Hugo Fernandes, André Sousa, Renata Fortes, Fernando Koch,
Vitor Filipe, and Jodo Barroso. 2015. CanlHelp: A Platform for Inclusive Collabo-
ration. In Universal Access in Human-Computer Interaction. Access to Interaction.
Springer International Publishing, Cham, 474-483. https://doi.org/10.1007/978-
3-319-20681-3_45

Phil Parette and Marcia Scherer. 2004. Assistive Technology Use and Stigma.
Education and Training in Developmental Disabilities 39, 3 (2004), 217-226. http:
/[www.jstor.org/stable/23880164

Halley Profita, Reem Albaghli, Leah Findlater, Paul Jaeger, and Shaun K Kane.
2016. The AT effect: how disability affects the perceived social acceptability of
head-mounted display use. In Proceedings of the 2016 CHI conference on human
factors in computing systems (CHI ’16). ACM, New York, NY, USA, 4884-4895.
https://doi.org/10.1145/2858036.2858130

Kyle Rector, Keith Salmon, Dan Thornton, Neel Joshi, and Meredith Ringel Morris.
2017. Eyes-Free Art: Exploring Proxemic Audio Interfaces For Blind and Low
Vision Art Engagement. Proceedings of the ACM on Interactive, Mobile, Wearable
and Ubiquitous Technologies 1, 3 (2017), 1-21. https://doi.org/10.1145/3130958
Shozo Saegusa, Yuya Yasuda, Yoshitaka Uratani, Eiichirou Tanaka, Toshiaki
Makino, and Jen-Yuan Chang. 2011. Development of a guide-dog robot: human-
robot interface considering walking conditions for a visually handicapped person.
Microsystem Technologies 17, 5 (01 Jun 2011), 1169-1174. https://doi.org/10.1007/
s00542-010-1219-1

Daisuke Sato, Uran Oh, Kakuya Naito, Hironobu Takagi, Kris Kitani, and Chieko
Asakawa. 2017. NavCog3: An Evaluation of a Smartphone-Based Blind Indoor
Navigation Assistant with Semantic Features in a Large-Scale Environment. In
Proceedings of the 19th International ACM SIGACCESS Conference on Computers
and Accessibility (ASSETS °17). ACM, New York, NY, USA, 270-279. https:
//doi.org/10.1145/3132525.3132535

Kristen Shinohara and Jacob O. Wobbrock. 2011. In the Shadow of Misperception:
Assistive Technology Use and Social Interactions. In Proceedings of the SIGCHI
Conference on Human Factors in Computing Systems (CHI '11). ACM, New York,
NY, USA, 705-714. https://doi.org/10.1145/1978942.1979044

Masahiro Shiomi, Takayuki Kanda, Hiroshi Ishiguro, and Norihiro Hagita. 2006.
Interactive humanoid robots for a science museum. In Proceedings of the 1st ACM
SIGCHI/SIGART conference on Human-robot Interaction (HRI ’06). ACM, New York,
NY, USA, 305-312. https://doi.org/10.1145/1121241.1121293


https://doi.org/10.1145/3373625.3417022
https://doi.org/10.1145/1358628.1358867
https://doi.org/10.1016/j.jvlc.2009.07.004
https://mw17.mwconf.org/paper/a-path-with-choice-what-we-learned-from-designing-an-inclusive-audio-guide/
https://mw17.mwconf.org/paper/a-path-with-choice-what-we-learned-from-designing-an-inclusive-audio-guide/
https://doi.org/10.4135/9781412986151
https://doi.org/10.1145/3308561.3353771
https://doi.org/10.1177/0264619610374680
https://doi.org/10.1177/0264619610374680
https://doi.org/10.3233/ABB-2011-0034
https://doi.org/10.3233/ABB-2011-0034
https://americanart.si.edu/blog/eye-level/2016/09/317/art-museum-tours-visitors-who-are-blind
https://americanart.si.edu/blog/eye-level/2016/09/317/art-museum-tours-visitors-who-are-blind
https://doi.org/10.1145/2661334.2661405
https://doi.org/10.13137/2421-6763-17354
https://doi.org/10.13137/2421-6763-17354
https://doi.org/10.1145/1639642.1639663
https://doi.org/10.1145/3290605.3300282
https://doi.org/10.1145/3411825
https://doi.org/10.1109/ACCESS.2021.3052415
https://doi.org/10.1145/3313831.3376162
https://doi.org/10.1080/02564602.2020.1819893
https://arxiv.org/abs/https://doi.org/10.1080/02564602.2020.1819893
https://doi.org/10.1177/02783640022067968
https://doi.org/10.1080/10400435.2005.10132103
https://doi.org/10.1080/10400435.2005.10132103
https://doi.org/10.1145/3313831.3376398
https://doi.org/10.1016/j.iot.2020.100188
https://doi.org/10.1016/j.iot.2020.100188
https://doi.org/10.3390/technologies6010004
https://doi.org/10.1080/09687599.2016.1167671
https://proceedings.mlr.press/v133/min21a.html
https://www.warhol.org/accessibility-accommodations/
https://doi.org/10.1145/3173386.3176976
https://doi.org/10.1109/IROS.2003.1249720
https://www.metmuseum.org/events/programs/access/visitors-who-are-blind-or-partially-sighted
https://www.metmuseum.org/events/programs/access/visitors-who-are-blind-or-partially-sighted
https://doi.org/10.1007/978-981-16-0507-9_9
https://doi.org/10.1007/978-3-319-20681-3_45
https://doi.org/10.1007/978-3-319-20681-3_45
http://www.jstor.org/stable/23880164
http://www.jstor.org/stable/23880164
https://doi.org/10.1145/2858036.2858130
https://doi.org/10.1145/3130958
https://doi.org/10.1007/s00542-010-1219-1
https://doi.org/10.1007/s00542-010-1219-1
https://doi.org/10.1145/3132525.3132535
https://doi.org/10.1145/3132525.3132535
https://doi.org/10.1145/1978942.1979044
https://doi.org/10.1145/1121241.1121293

CHI

’23, April 23-28, 2023, Hamburg, Germany

[58] Jennie Small, Simon Darcy, and Tanya Packer. 2012. The embodied tourist

[59

[60

(61

[62]

[63]

[64]

[65]

experiences of people with vision impairment: Management implications beyond
the visual gaze. Tourism Management 33, 4 (2012), 941-950. https://doi.org/10.
1016/j.tourman.2011.09.015

Susumu Tachi and Kiyoshi Komoriya. 1985. Guide dog robot. In Proceedings
of the Second International Symposium on Robotics Research (1984). MIT Press,
Cambridge, MA, USA, 333-340.

Sebastian Thrun, Maren Bennewitz, Wolfram Burgard, Armin B Cremers, Frank
Dellaert, Dieter Fox, Dirk Hahnel, Charles Rosenberg, Nicholas Roy, Jamieson
Schulte, et al. 1999. MINERVA: A second-generation museum tour-guide robot.
In Proceedings 1999 IEEE International Conference on Robotics and Automation
(Cat. No. 99CH36288C), Vol. 3. IEEE, IEEE, New York, NY, USA, 1999-2005. https:
//doi.org/10.1109/ROBOT.1999.770401

Kazuteru Tobita, Katsuyuki Sagayama, and Hironori Ogawa. 2017. Examination
of a Guidance Robot for Visually Impaired People. Journal of Robotics and
Mechatronics 29, 4 (2017), 720-727. https://doi.org/10.20965/jrm.2017.p0720
Iwan Ulrich and Johann Borenstein. 2001. The GuideCane-applying mobile
robot technologies to assist the visually impaired. IEEE Transactions on Systems,
Man, and Cybernetics, Part A: Systems and Humans 31, 2 (2001), 131-136. https:
//doi.org/10.1109/3468.911370

Savvas Varitimiadis, Konstantinos Kotis, Andreas Skamagis, Alexandros Tzortza-
kakis, George Tsekouras, and Dimitris Spiliotopoulos. 2020. Towards im-
plementing an Al chatbot platform for museums. In International Conference
on Cultural Informatics, Communication & Media Studies. The Department of
Cultural Technology and Communication (DCTC), Mytilene, Island, 15 pages.
https://doi.org/10.12681/cicms.2732

Roberto Vaz, Diamantino Freitas, and Antonio Coelho. 2020. Blind and Visually
Impaired Visitors’ Experiences in Museums: Increasing Accessibility through
Assistive Technologies. International Journal of the Inclusive Museum 13, 2 (2020),
24 pages. https://doi.org/10.18848/1835-2014/CGP/v13i02/57-80

Roberto Vaz, Diamantino Freitas, and Antdnio Coelho. 2020. Perspectives of
Visually Impaired Visitors on Museums: Towards an Integrative and Multisensory
Framework to Enhance the Museum Experience. In 9th International Conference

[66

[67

[69

[70

[71

[72

Seita Kayukawa, et al.

on Software Development and Technologies for Enhancing Accessibility and Fighting
Info-exclusion (DSAI "20). ACM, New York, NY, USA, 17-21. https://doi.org/10.
1145/3439231.3439272

Roberto Vaz, Diamantino Freitas, and Anténio Coelho. 2021. Visiting Museums
from the Perspective of Visually Impaired Visitors: Experiences and Accessibility
Resources in Portuguese Museums. International Journal of the Inclusive Museum
14, 1 (2021), 22 pages. https://doi.org/10.18848/1835-2014/CGP/v14i01/71-93

N Veeranjaneyulu. 2019. A Meta-Analysis on Obstacle Detection for Visually
Impaired People. i-manager’s Journal on Pattern Recognition 6, 1 (2019), 40-62.
https://doi.org/10.26634/jpr.6.1.15523

Andreas Wachaja, Pratik Agarwal, Mathias Zink, Miguel Reyes Adame, Knut
Moller, and Wolfram Burgard. 2017. Navigating blind people with walking
impairments using a smart walker. Autonomous Robots 41, 3 (01 Mar 2017),
555-573. https://doi.org/10.1007/s10514-016-9595-8

Yuanlong Wei, Xiangxin Kou, and Min Cheol Lee. 2014. A new vision and naviga-
tion research for a guide-dog robot system in urban system. In 2014 IEEE/ASME In-
ternational Conference on Advanced Intelligent Mechatronics (AIM °14). IEEE Press,
Piscataway, NJ, USA, 1290-1295. https://doi.org/10.1109/AIM.2014.6878260
Paul F Wilson, Janet Stott, Jason M Warnett, Alex Attridge, M Paul Smith, and
Mark A Williams. 2017. Evaluation of touchable 3D-printed replicas in museums.
Curator: The Museum Journal 60, 4 (2017), 445-465. https://doi.org/10.1111/cura.
12244

Keiichi Yamazaki, Akiko Yamazaki, Mai Okada, Yoshinori Kuno, Yoshinori
Kobayashi, Yosuke Hoshi, Karola Pitsch, Paul Luff, Dirk Vom Lehn, and Chris-
tian Heath. 2009. Revealing Gauguin: engaging visitors in robot guide’s expla-
nation in an art museum. In Proceedings of the SIGCHI conference on human
factors in computing systems (CHI 09). ACM, New York, NY, USA, 1437-1446.
https://doi.org/10.1145/1518701.1518919

Limin Zeng, Bjérn Einert, Alexander Pitkin, and Gerhard Weber. 2018. HapticRein:
Design and Development of an Interactive Haptic Rein for a Guidance Robot. In
Computers Helping People with Special Needs, Klaus Miesenberger and Georgios
Kouroupetroglou (Eds.). Springer International Publishing, Cham, 94-101. https:
//doi.org/10.1007/978-3-319-94274-2_14


https://doi.org/10.1016/j.tourman.2011.09.015
https://doi.org/10.1016/j.tourman.2011.09.015
https://doi.org/10.1109/ROBOT.1999.770401
https://doi.org/10.1109/ROBOT.1999.770401
https://doi.org/10.20965/jrm.2017.p0720
https://doi.org/10.1109/3468.911370
https://doi.org/10.1109/3468.911370
https://doi.org/10.12681/cicms.2732
https://doi.org/10.18848/1835-2014/CGP/v13i02/57-80
https://doi.org/10.1145/3439231.3439272
https://doi.org/10.1145/3439231.3439272
https://doi.org/10.18848/1835-2014/CGP/v14i01/71-93
https://doi.org/10.26634/jpr.6.1.15523
https://doi.org/10.1007/s10514-016-9595-8
https://doi.org/10.1109/AIM.2014.6878260
https://doi.org/10.1111/cura.12244
https://doi.org/10.1111/cura.12244
https://doi.org/10.1145/1518701.1518919
https://doi.org/10.1007/978-3-319-94274-2_14
https://doi.org/10.1007/978-3-319-94274-2_14

	Abstract
	1 Introduction
	2 Related Work
	2.1 Automated Mobility Assistance
	2.2 Exhibit Accessibility
	2.3 Technologies for Communication in Museums
	2.4 Social Acceptance of Assistive Technologies for Visually Impaired People

	3 System Design
	3.1 Museum Experience for Blind Visitors
	3.2 System Overview
	3.3 Exploration Scenario
	3.4 Implementation

	4 User Study and Focus Groups
	4.1 Participants
	4.2 Procedure and Metrics
	4.3 Focus Groups

	5 Results
	5.1 Overview of Exploration Activity
	5.2 Subjective Ratings
	5.3 Social Acceptance of the Robot
	5.4 Qualitative Feedback
	5.5 Focus Groups

	6 Discussion
	6.1 Independent Museum Experience
	6.2 Safety Concerns
	6.3 Social Acceptance
	6.4 System Usability
	6.5 Toward a More Independent Museum Experience
	6.6 User Study Limitations

	7 Conclusion
	Acknowledgments
	References



