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Abstract

Map-less Navigation for Blind People
by Masaki Kuribayashi

This dissertation presents map-less navigation systems that assist blind people with-
out relying on pre-prepared environmental information, to enable scalable deploy-
ment across diverse environments. While existing assistive navigation systems pro-
vide turn-by-turn guidance, their deployment remains limited because they require
prebuilt maps and infrastructure, which incur substantial costs for creation and
maintenance. Aiming for the future where blind users would be able to use assistive
navigation systems in various places, we aim to overcome this scalability issue by
removing the necessity of prebuilt maps and infrastructure.

To this end, we propose four systems: two smartphone systems, Corridor-Walker
and Snap&Nayv, and two robot systems, PathFinder and WanderGuide. However, re-
moving maps introduces challenges, as the system does not know the environment
in advance, where to guide the user, or what kind of information needs to be de-
tected and conveyed. This contrasts with map-based systems, which can determine
all of these aspects beforehand. To address this, we adopt collaborative interaction,
where users actively engage in the system’s sensing and decision-making processes
to complement the capability limitations that arise from the map-less setting.

Two smartphone systems, Corridor-Walker and Snap&Nav, adopted active scan-
ning by users so that the system can provide richer environmental information about
intersections, enabling more accurate navigation. Snap&Nav extends collaboration
beyond the system and user to include sighted assistants, who contribute by cap-
turing a floor map to obtain route information. For the robot system PathFinder,
we adopted an interaction model inspired by guide dogs, where the robot takes
over mobility while the user participates in decision-making processes such as de-
termining the direction to proceed. We enhanced this capability by incorporating
functionalities such as sign recognition, which was designed through a participa-
tory study. Furthermore, we extend the potential of a map-less system to exploration
tasks by utilizing a multimodal large language model (MLLM) to describe the sur-
rounding environment. Through participatory design, we developed functionalities
to enhance exploration, such as a revisiting feature that allows users to return to
previously visited locations. This enables users to identify places of interest based
on MLLM-generated descriptions and visit them again. Finally, this dissertation de-
veloped the visual language navigation (VLN) benchmark Memory-Maze, which
mimics scenarios where a robot navigates to the destination based on instructions
provided by sighted passersby. Memory-Maze enables the robot to assist the user’s
decision-making process, which occurs within collaborative interaction.

Through user studies, we found that these map-less navigation systems increased
confidence and reduced cognitive load compared to traditional aids, with partici-
pants accepting longer travel times in exchange for greater independence and broader
applicability. Based on these results, situate our findings within the field of human-
computer interaction, for example, the balance between a rich experience and task
completion time. We also discuss future directions for our system, such as active
participation in the control of the robot by utilizing VLN technology.
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Chapter 1

Introduction

1.1 Background

FIGURE 1.1: Map-less Navigation System Vision. Existing map-based systems are cus-
tomized to speci c facilities due to the need for infrastructure and pre-built maps. As a
result, smartphone users must install different applications for different locations, and
robots are typically deployed only within a single building. This robot deployment busi-
ness model is referred to as the rental model [1]. Such solutions are therefore available
only in limited facilities. In contrast, we envision map-less navigation systems that can
be used across various buildings. For smartphones, users will have multiple applica-
tions, including well-established ones such as Google Maps, as well as a map-less navi-
gation application that supports diverse indoor environments. For robots, we envision

a future in which users own personal robots and navigate across different buildings.

Blind people face various challenges while navigating independently. The chal-
lenges during navigation can be grouped into three main areas: mobility, orientation,
and spatial understanding [2]. Mobility is the ability to navigate environments safely
and ef ciently, such as avoiding surrounding obstacles. While canes are used to de-
tect obstacles, blind people may still experience collisions, which can cause injury
or damage to the environment ( e.g, knocking over a ower bin) and to others. Sec-
ondly, orientation is the ability to be able to locate current orientation and position
in an environment so that they can determine the way to their destination. For blind
people, orientation requires the use of auditory, olfactory, and tactile cues while re-
ferring to the mental map they have. This process poses a particularly high cognitive
load. They could also miss a turn or fail to locate a landmark, which can cause mis-
alignment between the map and their actual position, leaving them disoriented and
lost. Third, the inability to visually perceive environments restricts spontaneous in-
formation obtaining [3]. Obtaining environmental information is essential not only
for constructing a mental map, but also for discovering new information based on
their interest. Knowing what is in the surroundings also relates to the orientation
challenge, as orientation is also determined by establishing landmarks as reference
points. Despite these challenges, many blind people express a strong desire to navi-
gate independently [4].



2 Chapter 1. Introduction

Therefore, many academic and industrial efforts have developed navigation sys-
tems for blind people [5, 6, 7]. These systems typically use prebuilt maps and infras-
tructure such as Bluetooth Low Energy (BLE) beacons, enabling precise localization
for turn-by-turn guidance to the predetermined destination [8, 9, 10, 11]. Those
would include off-the-shelf smartphones ( e.g, BlindSquare [12], NavCog [9], and
ChitChatGuide [13]) and customized wearable systems (e.g, ISANA [10]) that assist
orientation and spatial learning by providing turn-by-turn guidance while describ-
ing surrounding information. As with these systems, users still have to handle their
own mobility, recent research trends have shown particular interest in robotics sys-
tems as they could autonomously navigate blind users [14, 15, 16, 11]. This allows
blind users to focus more on orientation and perception of their surroundings [17],
extending the scope of usage beyond navigation to tasks such as exploration [18].

However, most of these assistive smartphone, wearable, robotic, and etc.systems
cannot be used in various places and face a scalability problem, as they typically
rely on infrastructures and prebuilt maps. For example, these systems often require
infrastructure such as BLE beacons for localization, along with static route maps
that describe topological connections between points and sometimes environmental
landmarks. Also, in the case of robotic systems, light detection and ranging (Li-
DAR) maps created through 3D scanning of the environment to represent static and
dynamic obstacles are required. Although oor maps ( i.e, a map of a oor which
is typically placed in the entrance of a building) or map information on the internet
exist, they differ from the digital maps required by these assistive systems. Convert-
ing such information into the precise, system-compatible digital format typically
requires specialized development with technical experts. Therefore, the substantial
costs associated with creating, deploying, and maintaining maps and infrastructure
often make building managers reluctant to invest, resulting in sparse deployment
across public buildings. Consequently, existing systems remain unscalable, leaving
blind people without reliable navigation assistance in most of the buildings they
encounter.

In addition, the requirement of maps and infrastructure [17] poses a particu-
lar limitation for the real-world deployment of robotic systems. Because of these
requirements, the current dominant business model for deploying such systems is
the rental modelin which robots remain stationed at speci c facilities to serve users
on-site (e.g, the Science Museum [19]) [1]. To realize a future in which users can nav-
igate across various locations by potentially owning a robotic system, these systems
must operate without reliance on infrastructure and maps.

Therefore, this dissertation presents a map-lessavigation system that operates
without any predetermined environmental information, such as prebuilt maps or
external infrastructure (Figure 1.1). The purpose of map-less navigation systems is
to enable blind users to travel independently, even in new or unfamiliar environ-
ments, whether for the system itself or for both the user and the system. The map-
less system in this dissertation is speci cally designed for indoor environments. For
example, consider a scenario where a user wants to visit a building they have never
entered before. The user can reach the building entrance using existing outdoor
navigation systems such as Google Maps, in which typically has updated map in-
formation. Inside buildings, the system often lacks access to maps or infrastructure,
either because they are not prepared or because existing resources are incompatible.
Therefore, we envision navigation systems that are capable of operating without de-
pending on such map information.

Removing reliance on digital environmental information ( i.e, infrastructures and
prebuilt maps) introduces several technical challenges. First, without access to such
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information, the system cannot determine which direction to take to reach the des-
tination. Second, unlike conventional navigation systems that rely on prebuilt maps
to decide when and what information to convey, a map-less system must detect en-
vironmental features through onboard sensors and determine which of the detected
information is important to convey to the user, despite lacking prede ned priorities.
Taken together, since the system alone cannot fully determine the route and infor-
mation to convey, it is essential to develop methods that enable both the user and the
system to collaboratively identify the path to the destination, while also designing
approaches that can convey necessary information from onboard sensors.

To overcome this challenge, we adopt collaborative interaction between humans
and the system in which the user acts as the system's sensor or decision-making
process [20]. We aim to use this interaction to allow users to complement missing in-
formation that comes from a map-less setting. For example, Fallah et al.[20] showed
one collaborative interaction where the users act as a systems sensor in which users
con rm if the navigation command ( i.e, “go straight until you reach hallway inter-
section”) has been successfully executed. This allows the users to help the system's
localization process even without infrastructures, which bene ts blind users by en-
abling the system to convey accurate directional cues. Another example of collabo-
rative interactions can be seen in the relationship observed between guide dogs and
blind users, in which guide dogs support the user's mobility while the user deter-
mines the direction [21]. For example, a blind user may instruct the dog to move
forward, and then the dog walks straight until it nds an intersection. It then ori-
ents its head toward the possible directions of travel and conveys this information
through the harness. The user gives the next command based on the directional
cues perceived through the harness. By repeating this interaction, in which users are
involved in the decision-making process, they can reach the destination. Still, the
abovementioned use case is typically constrained to situations where users are al-
ready familiar with the route and can determine the way independently. Therefore,
we extend this collaborative interaction so that it remains effective even in unfamil-
iar environments by incorporating methods that convey information beyond what
guide dogs can provide, such as signboards and other environmental cues. In short,
inspired by existing collaborative interactions in which users actively participate in
the system's sensing and decision-making processes, we aim to address the chal-
lenges of the map-less setting, where the system lacks environmental information.

In this thesis, towards the realization of map-less navigation systems, we aim to
answer the research question:

RQ1 How can we adopt collaborative interactions with blind users for map-less
navigation systems?

In addition, it is essential to examine how map-less navigation systems compare
with existing aids ( e.g, a cane). Since map-less systems have access to less environ-
mental information than map-based systems, they may demonstrate reduced per-
formance. Therefore, we aim to answer the question:

RQ2 How do map-less navigation systems compare with existing aids or map-based
systems?

Even with collaborative interaction, route information to the destination, as well as
information conveyed during the navigation, remains necessary to enable users or
systems to determine their way based on it. Therefore, this raises another research
guestion:
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RQ3 What kind of route information sources and information conveyed during the
navigation can be used to complement map-less navigation systems?

To this end, we have developed two smartphone systems called Corridor-Walker [22]
and Snap&Nav [23], two robotic systems called PathFinder [24] and WanderGuide [25],
and one benchmark called Memory-Maze [26]. Through the design, development,
and evaluation of these systems and benchmarks, we aim to answer these research
guestions for realizing map-less navigation systems.

TABLE 1.1:Chapter Overview. We rst describe two smartphone-based map-less navi-
gation systems: one adopts a relatively simple scenario in which users are familiar with
the building, and the other captures a oor map image as an information source for
the environment. Both smartphone systems share a common collaborative interaction,
which is scanning. We then describe two map-less navigation systems that use naviga-
tion robots as platforms to investigate how map-less navigation can assist blind users
with higher-end devices. The rst robot system addresses navigation by adopting a
guide-dog-like collaborative interaction, and the second addresses an exploration sce-
nario. Finally, we describe a VLN benchmark that targets map-less navigation scenarios.

System/Benchmark Name Device Core Technology Scenario

A blind user knows the route to the
destination, but the environment

has many obstacles and intersections
A blind user is unfamiliar with the

Intersection Detection

Corridor-Walker [22] (Chapter 3)  Smartphone Route Planning

Intersection Detection

Snap&Nav [23] (Chapter 4) Smartphone Floor Map Analysis environment and sighted assistance
help user capture oor map
T A blind user is unfamiliar with the
PathFinder [24] (Chapter 5) Robot environment and navigate based on the

SHRG L route description by sighted passersby

A blind user is unfamiliar with and
explores the environment
such as shopping mall or museum
A robot autonomously navigate
Simulator/Robot  Visual language navigation based on the route description

by sighted passersby

. Waypoint Detection
WanderGuide [25] (Chapter 6) Robot MLLM-Based Scene Description
Memory-Maze

Benchmark [26] (Chapter 7)

1.2 Dissertion Organization

Table 1.1 shows the overview of the chapters. To develop map-less navigation sys-
tems and to answer the research questions, this dissertation presents ve research
projects. Speci cally, we present systems that use smartphones [22, 23] and naviga-
tion robots [24, 25] as a platform, respectively. Beyond work in the human-computer
interaction (HCI) eld, this dissertation developed a visual language navigation
benchmark [26], which is a technology that can be applied to a map-less naviga-
tion system. We began with a simple setting using minimal hardware and gradually
progressed to more complex scenarios and devices. Below, we summarize the aim
and abstract of each chapter

1.2.1 Chapter 2 Literature Review

We rst summarize the differences between the ve research projects presented
in this dissertation and the related literature, situating this dissertation within the
broader line of prior work. We begin by describing the challenges faced by blind
people and the current state of available solutions. We then review existing map-
based navigation systems, followed by a discussion of how obstacle avoidance sys-
tems, which sometimes operate without maps, serve a fundamentally different pur-
pose. We further extend this survey to the robotics domain. Next, we explain
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the control methods adopted in assistive navigation as well as those found in the
broader robotics and HCI literature. Finally, we situate the proposed work within
the existing visual language navigation (VLN) task, which can be incorporated for
map-less navigation systems.

1.2.2 Chapter 3 Corridor-Walker: Mobile Indoor Walking Assistance for
Blind People to Avoid Obstacles and Recognize Intersections

We rst investigate the collaborative interaction in map-less navigation system by
using an off-the-shelf smartphone, a device widely used among blind people. As a
rst step, we adopted a simple scenario where the user knows the route to the desti-
nation inside a building, either through prior experience or by asking people around
them. This study developed a system called Corridor-Walkerf22], which relies solely
on real-time sensing to detect and convey obstacles and intersections. Users engage
in collaborative interaction by scanning the environment, which allows the system
to accumulate additional environmental information to better assistin map-less nav-
igation scenarios. A user study showed that scanning interaction helps users better
perceive intersection shape, improving environmental understanding and enabling
safer navigation to destinations. However, the system exhibited slower task comple-
tion times compared to using a white cane.

1.2.3 Chapter 4 Snap&Nav: Smartphone-based Indoor Navigation Sys-
tem For Blind People via Floor Map Analysis and Intersection De-
tection

Building on Corridor-Walker, which assumed that users are familiar with the route,
this research developed Snap&Nav[23], which incorporates oor map recognition to
obtain environmental information as an information source to the destination. Here,
we considered scenarios where the user is completely unfamiliar with the building
and asks a nearby sighted assistant to take a photo of the oor map. Using this
image, the system then navigates the user to their destination. This study focused
on designing a preliminary oor-map recognition algorithm and a tracking method
using intersection detection, and it investigated whether collaboration with sighted
people is acceptable and feasible for blind users. Through user studies involving
both sighted and blind participants, we found that each group successfully accom-
plished their respective tasks: sighted participants captured oor map images, while
blind participants navigated to the destination. Both groups accepted the system
design, including the integration of a sighted assistant within the work ow. The
research also highlighted the need for improved oor map recognition algorithms
capable of analyzing complex and varied oor maps, as well as intersection detec-
tion algorithms that can accurately identify intersections of diverse shapes.

1.2.4 Chapter 5 PathFinder: Designing a Map-less Navigation System for
Blind People in Unfamiliar Buildings

To expand the system's assistance capability, this research transitioned to a robotic
platform equipped with richer sensors, greater computational power, and autonomous
mobility, resulting in the development of PathFinderf24]. The rsttwo studies relied
on smartphones, but their sensing and computing capabilities were limited, for ex-
ample, LiDAR sensors with a restricted range. In addition, users were required to
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manage mobility themselves, which could hinder decision-making, such as deter-
mining which intersection to approach and which direction to turn. By adopting a
robotic system, intersections of various shapes can be detected more reliably, user
mobility can be taken over by the system, and decision-making capability can be
enhanced. PathFinder addresses scenarios in which a blind user navigates an unfa-
miliar building using route descriptions provided by sighted passersby. The robot
adopts a guide-dog-like interaction model: the robot takes over mobility, while the
user takes charge of orientation. This research also revealed information require-
ments in the abovementioned situation, such as the need for sign information, and
essential functionalities, such as the ability to return to the initial location, through

a participatory study. Based on these investigations, we improved PathFinder and
conducted a user study, which revealed that blind users were able to determine their
route in unfamiliar buildings using PathFinder.

1.2.5 Chapter 6 WanderGuide: Indoor Map-less Robotic Guide for Explo-
ration by Blind People

Given our future vision where map-less systems are used in various new places, it
is important to assist exploratory tasks, such as window shopping or freely walk-
ing around a oor to learn its layout. Therefore, this chapter introduces Wander-
Guide[25], a map-less exploration system for blind people. Using multimodal large
language models (MLLM) capable of describing diverse environmental information
and an additional map-less navigation algorithm that allows the robot to navigate in
open space, which can be seen in shopping malls, this research extended PathFinder
to exploratory navigation. Through a formative study conducted at a shopping mall
and a science museum, this work revealed requirements for WanderGuide, such as
the need to provide more concrete information, the ability to customize the descrip-
tion length generated by the MLLM, and the functionality to return to previously
explored locations. Based on these investigations, we improved WanderGuide and
conducted a user study, which revealed that blind users were able to enjoy explo-
ration and nd the locations they found interesting.

1.2.6 Chapter 7 Memory-Maze: Scenario Driven Visual Language Navi-
gation Benchmark for Guiding Blind People

The last project developed a visual language navigation (VLN) benchmark called
Memory-Maz€[26]. VLN is a task in which an agent ( i.e, in our case, a robot) uses vi-
sual perception through an RGB camera to determine its path to a destination, based
on a provided route description. This scenario is the same as that addressed in the
PathFinder study: blind users receiving verbal navigation instructions from sighted
passersby in unfamiliar buildings. Therefore, VLN models have the potential to au-
tomate the navigation process for PathFinder. However, existing VLN research had
not addressed instructions spoken from sighted passersby based on their memory.
To address this gap, Memory-Maze was developed. It mimics real-world instruction
characteristics and supports future technical development. Through an experiment
with existing state-of-the-art models, we demonstrated that current VLN models fail
to adequately address this scenario, highlighting the need for further research and
development.
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1.2.7 Chapter 8 Discussion and Conclusion

Finally, in this chapter, we summarize the overall ndings. Although navigation
with our systems required more time, they generally increased user con dence and
reduced cognitive load compared to regular aids. Users also accepted the systems
and recognized their potential for application in various environments. A key factor

in this outcome was the adoption of collaborative interaction, such as scanning or
decision-making. We further discuss the bene ts of this approach, particularly its
ability to support users in completing the task of perceiving the environment more
effectively. We also revisit the research question presented above and outline open
future directions, such as enhancing shared control dynamics to further improve our
system.






Chapter 2

Literature Review

This chapter aims to situate the topic of map-less navigation systems for blind people
within a broad line of work.

2.1 Dif culty Faced When Navigating and Exploring

This section describes the general dif culties faced by blind people and their need
for assistance when navigating familiar and unfamiliar buildings, as well as when
exploring unfamiliar environments, scenarios that we address in this dissertation.

2.1.1 Navigation Challenges

Navigating independently is dif cult for blind people, even in familiar indoor en-
vironments. They are typically trained in orientation and mobility (O&M) skills
by specialists to support independent travel [2]. For example, they commonly use
techniques such as trailing with a cane and walking along walls to maintain ori-
entation [27]. The cane is also used to detect obstacles; however, various objects
may still be placed along the walls, including elevated obstacles that are dif cult to
detect [28]. In addition to avoiding obstacles, blind people must understand the ge-
ometric structure of the environment [29, 30], such as recognizing intersections, in
order to reach their destinations. Even in a familiar environment, blind people might
miss an intersection or turn into the wrong one, which may cause disorientation and
lead to getting lost.

To navigate correctly, they must reliably perceive the position and shape of each
intersection they encounter, while avoiding obstacles. Even with a cane, blind peo-
ple may collide with obstacles, which can result in damage to both the user and the
object. Moreover, the limited range of contact offered by a cane means that intersec-
tions may not always be detected, leading to situations where a user unknowingly
walks past one [31]. Guide dogs offer an alternative means of support by helping
users avoid obstacles and locate intersections [31]. However, not all blind people
prefer guide dogs, as they require ongoing care and responsibility [32, 33]. Ad-
ditionally, guide dog availability is limited, for example, in the United Kingdom,
only about 5,000 guide dogs serve approximately 360,000 legally blind individuals,
roughly 1.4% of the population [33]. Therefore, in Chapter 3, we rst develop a
smartphone-based system for blind people to safely navigate by avoiding obstacles
and detecting intersections. In this system, we assume that blind users are familiar
with the environment and focus on algorithm development. Based on the system
and the ndings obtained, we then proceed to more challenging scenarios, such as
unfamiliar environments, as described next.
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2.1.2 Nawvigating in Unfamiliar Blindings

Navigation in unfamiliar buildings poses signi cant challenges. Determining one's
current location, identifying a route to the destination, and maintaining orientation
are all dif cult without visual information or suf cient knowledge of the environ-
ment [28]. Nonetheless, Engel et al. [4] report that 59.4% of 63 blind participants
travel to unfamiliar buildings several times a week despite these dif culties. There
are two common strategies blind people use to nd a route to a destination [4]. One
approach is to search for textual route descriptions on the internet. Although this
may seem feasible, such descriptions are often unavailable, and preparing them can
be time-consuming. As a result, some blind people do not prepare a route at all.
The other approach is to ask sighted people on-site for a route description, which
requires no prior preparation. Still, these methods do not guarantee that blind users
will reach the destination, making the use of a sighted companion one of the most
common options [4, 28, 34]. Nonetheless, many blind people prefer to navigate inde-
pendently without relying on sighted assistance, which is an important motivation
for our research [4].

To address this problem, in this dissertation, we tackle independent navigation
in unfamiliar environments in Chapter 4 and Chapter 5. A common aspect shared
by these systems is that these systems externally source route information to the
destination. In Chapter 4, this information is obtained from a oor map of the build-
ing, typically placed on the entrance wall. A sighted assistant captures this image
once, realizing a form of collaboration between the system and sighted people. The
system then analyzes the map, allowing the blind user to remain independent there-
after. In Chapter 5, route information is obtained from descriptions provided by
sighted passershy, which re ects a typical situation as described above. PathFinder
is designed so that users can reach their destination with greater con dence.

2.1.3 Exploring Unfamilair Blindings

Exploration is also important for blind people, both for familiarizing themselves
with unfamiliar environments [35] and for enjoying that place for recreational pur-
poses .9, museums [18] or shopping malls [36]). Although learning routes and
points of interest (POIs) in a building can sometimes be done by searching online [4],
on-site exploration remains valuable because it provides rich sensory information
and fosters a stronger sense of independence [36], which in turn motivates blind
people to explore on their own [37, 36]. However, independent exploration is chal-
lenging, as blind people typically require a sighted companion who can explain vi-
sual information during the activity. While some exploration can be supported by
existing navigation systems [9], safety concerns often dominate the cognitive load
and limit the quality of the exploratory experience. Therefore, in Chapter 6, we pro-
pose WanderGuide, a robotic system that assists blind people in exploring without
maps. By leveraging the robot's autonomous navigation capability, coupled with
recent MLLM advancements in describing the surrounding environment, we aim to
design and develop this system.

2.2 Assistance Systems for Blind People

This section describes map-based navigation systems and outlines the main moti-
vation of this dissertation. We then explain how our systems differ from existing
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obstacle avoidance approaches, which are map-free but serve a fundamentally dif-
ferent purpose.

2.2.1 Navigation Systems Based on Maps

Most popular approaches for navigation assistance systems for blind people rely on
digital prebuilt maps that contain static route information and localization infras-
tructures. These systems typically take the user's destination as input, plan a path
on the route map, and provide turn-by-turn guidance. Such systems include those
developed by industry ( e.g, Google Maps [38] and BlindSquare [12]) using global
positioning systems (GPS), as well as those developed in academia using magnetic
information [39, 40], visual features [10, 8, 41], radio frequency identi er (RFID)
tags [42, 43, 44, 20], visible light communication (VLC) [45], and BLE beacons[9, 46,
47, 48]. By referring to the digital prebuilt maps, those systems could also provide
descriptions of surrounding POIls, sometimes even by their priority level [9, 13].
These systems have been proposed in various devices, such as smartphones [49],
handheld haptic devices [50, 51, 52], wearable devices [10, 53, 54], and robots [55].
Each type of device offers unique advantages - Smartphones and handheld haptic
devices are portable; Smartphones are also widely used by blind people [56, 57];
Wearable devices free the user's hands [54]; And robots are able to autonomously
guide users [11]. Among them, robots generally take two forms: quadruped and
wheeled. While wheeled robots are unable to navigate stairs in the same manner
as quadruped robots [16], with current quadruped robots, blind users often nd
wheeled robots more suitable due to their silence and stability [58]. Among wheeled
robots, suitcase-shaped robots [17, 59, 60, 18, 61] have become particularly practical
and are therefore widely used in research. The appearance of suitcase-shaped robots
allows blind users to blend seamlessly into their environment, leading to higher so-
cial acceptance from users, surrounding pedestrians, and facility managers [60].
However, almost all of the systems mentioned above cannot be used in a new
place on the vy, and only a limited number of navigation systems ( e.g, Inclusive-
Navi [62] and BlindSquare [12]) are publicly deployed. This is because prebuilt maps
and localization infrastructures are expensive to install and typically require techni-
cal experts to manage. Furthermore, maps and infrastructures are costly to main-
tain. This motivates the development philosophy of map-lessavigation systems, in
which no environmental information is prepared for the system prior to navigation.

2.2.2 Obstacle Avoidance Systems

Obstacle avoidance systems assist blind people in navigating safely by avoiding ob-
stacles €.g, walls [63, 64], boxes [65, 63, 49], chairs [10, 64], poles [66, 49]) through
real-time sensing using modalities such as RGB cameras and LiDAR sensors [67].
These approaches often inform users of the position of obstacles [49, 68, 64, 69, 70, 66,
63, 71], but a limitation is that users themselves must determine their path based on
the given feedback. There are also systems that guide users by generating safe paths
to avoid obstacles [54, 72, 73, 11, 59, 10]. These include map-based approaches, com-
monly used in robotic systems, which rely on predetermined maps and detect obsta-
cles from differences between the map and sensed information, as well as map-free
approaches that operate solely on real-time perception. While these map-free obsta-
cle avoidance systems may seem similar to map-less navigation, they fundamentally
differ in purpose. Map-less navigation for blind people aims to support global tasks
such as navigating to a speci c destination or exploring an environment to learn and
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move toward areas of interest—tasks that require handling orientation and broader
spatial decision-making. For example, our system Corridor-Walker (Chapter 3) em-
phasizes intersection detection to correctly navigate users to their destination, while
also performing obstacle avoidance. In contrast, existing obstacle avoidance sys-
tems primarily ensure local safety while leaving orientation and overall navigation
decisions to the blind user.

2.3 Robotic Systems without Maps

Robotics has examined various algorithms that either rely on maps or operate with-
out them. A simple story describing these scenarios is presented by Guerrero et
al. [74], who outline a case in which a navigator must return from one place to an-
other through a long and unfamiliar route. First, the navigator could obtain a map
of the building to retrace the path, representing a map-based approach. However,
as discussed above, such a map may not always be available. Second, the navigator
could memorize the sequence of steps and turns taken. This corresponds to a dead
reckoning approach, in which the agent estimates its position relative to its starting
point using accumulated motion information. Third, the navigator could determine
the return path by observing environmental cues such as signs. This represents a
map-less approach. Finally, the navigator could build a map while exploring and
use it later to navigate back, which is a map-building approach. In this section, we
focus on map-less and map-building approaches, as these are most relevant to this
dissertation.

2.3.1 Map-less Approach

Map-less approaches in robotics use no maps created before navigation, and their
goal is typically to guide a robot to a destination or accomplish a task. For navi-
gation tasks, instead of relying on prebuilt maps, these systems utilize alternative
forms of information to move toward the target location. These approaches can be
classi ed into four categories [75, 76, 77]. Optical ow—based approachesatch real-
time RGB images with sequences for path following [78]. Appearance-based approaches
train on environmental information ( e.g, images) and associate it with localization
cues or control commands to learn an environmental representation (without con-
structing a map) [79]. Object recognition—based approackse detected objects in a
2D grid representation and generate plans using symbolic commands, such as lan-
guage instructions like “go to the nearest blue sofa.” [76] Feature-based methodse
image sequences to extract relative displacement to the destination [80]. Other ap-
proaches include using an image of the target location combined with reinforcement
learning to learn a policy that navigates to the goal [81, 82]. While this dissertation
uses the term “map-less” in the same sense as robotics literature, we explicitly clar-
ify that, within the scope of this work, maps are not prepared prior to navigation
but may be created dynamically during navigation and reused. Examples include
PathFinder (Chapter 5) and WanderGuide (Chapter 6). This approach is also similar
to the map-building method described next.



2.4. Collaborative Interaction Methods 13

2.3.2 Map-Building Approach

Map-building approaches in robotics have no map prior to navigation but instead
create maps during navigation so they can be used later (e.g, for underground explo-
ration). The most representative approach is Simultaneous Localization and Map-
ping (SLAM), which constructs a map by extracting landmarks, associating sensor
data, estimating the robot's state, and continuously updating both the state and the
landmark positions [80]. Another line of examples of these approaches includes the
undermine navigation and construction of topological maps by detecting intersec-
tions [83] and occupancy maps using RGB images and deep reinforcement learn-
ing [84] while the robot is navigating the space.

In summary, map-less approaches in robotics aim to complete navigation tasks
using real-time sensing, whereas map-building approaches focus on constructing
maps during navigation for later use. In this work, to assist blind people, our system
lies at the intersection of these two approches: the real-time map constructed during
navigation directly contributes to way nding at the very same moment it is being
built (Chapter 5 and Chapter 6). Furthermore, the resulting map representation must
be not only suitable for robotic decision-making but also understandable and usable
for the blind user.

2.4 Collaborative Interaction Methods

In this section, we describe the positioning of our collaborative interaction approach
within the HCI eld, followed by its positioning within the robotics eld. Finally,
we situate the approach within the assistive technology domain.

2.4.1 Human-in-the-Loop Interaction in HCI Domain

As navigation systems cannot determine the path to a destination without prebuilt
maps or reference information, this dissertation employs a collaborative interaction.
In this interaction, the system assists the blind user, but the user also intervenes in
the system's operation and takes part in the sensing or decision-making process. By
adopting this interaction, the system can provide more effective navigation support.
This kind of interaction paradigm is also referred to as Human-in-the-Loop [85]. No-
table interaction paradigms include mixed-initiative interaction [86], in which both
the system and the user take initiative during an interaction. For example, not only
can users ask the assistive system questions when needed, but the system can also
ask users guestions so that humans can complement the imperfections of arti cial
intelligence (Al) [87]. In the intersection of Al and accessibility, efforts also include
developing Al systems to convey how users should adjust the orientation of a smart-
phone when an image lacks suf cient features because it is pointed in a slightly in-
correct direction [88]. In this sense, the interaction in our domain can be viewed
similarly as a form of collaborative interaction that complements the system's lim-
ited environmental knowledge in a map-less setting. For example, as explained in
the introduction, Fallah et al.[20] used blind users as sensors to complement the sys-
tem's localization process, even in environments without infrastructure. This shows
that users can contribute to the system's capabilities not only in the decision-making
process but also in the sensing process. Therefore, for smartphone systems, we em-
ploy scanning interaction, allowing the user to assist the system in obtaining in-
formation and thereby achieving better recognition of the environment (Chapter 3
and Chapter 4). We also incorporate intervention in the decision-making process for
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robotic systems, where the user speci es which way or place to go instead of the
system (Chapter 5 and Chapter 6).

2.4.2 Shared Control in Robotics Domain

In robotics, collaborative interaction is often refer to as shared control [89], i.e, a
method to control a robot using both human decision and the functionality of a sys-
tem. According to Wang and Zhang [90], shared controlisde nedasa “case in which
the robot motion is determined by both the human operator and robot decisions in a mostly
balanced fashion.Shared control can be separated into near-operation, in which the
operator perceives the scene with their direct sense, and teleoperation, in which the
operator perceives the scene indirectly, such as through a screen. For example, near-
operation has been used for assisting a driver to keep their vehicles in lane [91],
controlling a wheelchair [92, 93, 94], and for assisting blind people to navigate in fa-
miliar buildings [95, 96, 97], while teleoperation has been used for navigating where

a human cannot go [98, 99, 100], or for reconnaissance [101]. In our robotic systems
(Chapter 5 and Chapter 6), we employ near-operation interaction. This interaction is
inherent to the design, as the robot guides the user in real time. However, our near-
operation interactions enable users to utilize their own sensing capabilities, such as
detecting intersection directions or perceiving the spatial atmosphere, which are im-
portant for way nding and exploration.

2.4.3 Shared Control in Assistive Systems for Map-Free Navigation

The systems presented in this dissertation adopt near operation shared control, as
users navigate together with the robot in order to reach destinations or explore. Prior
examples include users specifying directions at intersections while the robot pro-
vides automated guidance to the next intersection [35, 15, 95, 96], as well as users
controlling speed while the robot handles lateral movement [102]. The intersec-
tion with robotics has also advanced interactive control methods, such as employing
leash and haptic rein mechanisms with quadruped robots [103, 104, 105]. Itis also
worth noting that the preferred level of control by blind users, such as choosing be-
tween shared control or fully autonomous robotic navigation, may vary depending

on context [102]. These interactions enable a map-free approach, as the direction is
determined by the user rather than the robot. While these shared control systems are
relevant to our setting, many prior studies do not yet assume a concrete real-world
scenario. For instance, experimenters often tell participants where to go at each step
during user evaluation [35, 15, 95, 96]. In this dissertation, we adopt shared control
for navigation in both familiar and unfamiliar buildings, as well as for exploration

in unfamiliar buildings. We examine the extent to which users can take part in the
decision-making process. To support users in decision-making, our robotic systems
(Chapter 5 and Chapter 6) convey environmental information, as described in the
next section.

2.5 Conveying Environmental Information for Blind People

As map-less navigation requires users to make decisions based on the information
conveyed by the system, the design space demands careful consideration. The sys-
tem cannot simply present all available information; it must communicate only what

is necessary and suf cient for informed decision making. Exploration of the design
space of assistance systems by investigating information needs for blind people in
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familiar or unfamiliar spaces is an ongoing research eld [106, 107, 108, 109]. By us-
ing visual captioning [110] and question-answering models [111], researchers have
developed systems for assisting their scene understanding by conveying informa-
tion such as traf ¢ lights [112, 113], doors [114, 110], intersections [9, 20, 95], and
signs [115, 110, 116, 110]. Alternatively, remote sighted assistance (RSA) applica-
tions (e.g, Aira [117] and BeMyEyes [118]) have long been a practical aid for pro-
viding blind people with assistance in various tasks, such as scene describing and
turn-by-turn guidance. However, RSA system service quality depends heavily on
the sighted assistance provided [119] and may also not be sustainable due to the
need for an available online assistant.

Additionally, with the emergence of LLMs and MLLMs, scene describing sys-
tems (e.g, Seeing Al [120], BeMyAl [121] and GPT40-demo [122]) have been de-
veloped, which enable blind people to understand scenes in diverse scenarios [123,
124]. ChitChatGuide [13] employs LLMs to interpret predetermined maps and de-
liver exploration-related information during navigation to a speci ed destination.
MLLM-based systems, such as WorldScribe [125], analyze captured images to pro-
vide real-time contextual descriptions and can adapt the level of detail based on user
context, such as device movement speed.

As information needs are context-dependent [126], system requirements change
depending on the scenario we aim to address. Therefore, we adopt a participatory
design for information conveying functionalities. For example, in PathFinder (Chap-
ter 5), we reveal that sign information is critical in navigation scenarios where the
system relies on descriptions provided by sighted passersby in collaboration with
the navigation robot. For WanderGuide (Chapter 6), we reveal various information
needs during exploration in science museums and shopping malls, as well as how
MLLMs should describe surrounding information to provide a better exploration
experience.

2.6 Visual Language Navigation

Visual language navigation (VLN) is a task in the embodied Al eld in which an
agent (e.g, a navigation robot) with visual access to its surroundings navigates un-
der human instructions [127]. For example, given an instruction such as “turn at
the rst right and stop when you see a sofa” the robot predicts a sequence of ac-
tions that will guide it to the sofa. This task is closely related to map-less naviga-
tion approaches in robotics [75]. Early VLN models explored sequence-to-sequence
supervised learning [127, 128], where the model predicts a single action (e.g, turn
left, turn right, or move forward) based on the current visual input. VLN envi-
ronments typically include a map representation called a navigation graph, where
nodes and their connections are prede ned, and the model selects the next navi-
gable node from the current one. VLN research spans various benchmarks, from
indoor environments [127, 129, 130] to outdoor settings [131, 132]. Howevetr, super-
vised VLN models are known to generalize poorly to unseen environments [133],
as they tend to over t to the speci ¢ environments in which they are trained. With
recent advancements in large language models (LLMs), researchers have explored
VLN methods that require no retraining [134, 135, 136]. Examples include extracting
and following landmarks from instructions [135] and performing iterative node se-
lection in navigation graphs [134]. Because navigation graphs are not available for
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all environments, newer approaches generate navigation graphs [137], predict low-
level actions directly [138], or produce generative navigation programs that execute
low-level robot movements [139, 140].

Despite this progress, there remains a gap between VLN developments and prac-
tical use in assistive navigation. For example, the environments used to develop
VLN systems do not always re ect those where blind people would realistically use
navigation assistance. lterative inference can increase latency, and many datasets
collect instructions in ways that do not align with real-world communication pat-
terns. In Chapter 7, we further describe these gaps and present our approach for
adapting VLN technologies to assistive navigation for blind users.
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Chapter 3

Corridor-Walker: Mobile Indoor
Walking Assistance for Blind
People to Avoid Obstacles and
Recognize Intersections

FIGURE 3.1: Corridor-Walker Recognizes Obstacles and Intersections. Through audio

and haptic feedback, blind users can use the system to detect an upcoming intersec-

tion and recognize the paths it leads to. This also prevents them from walking past an
intersection unnoticed. Also, they could safely navigate by avoiding obstacles.

3.1 Introduction

We begin by addressing a familiar indoor corridor-like environment, which is simple
in structure yet challenging for blind people to navigate. To approach this problem,
we consider the use of a smartphone, a device that is already well adopted among
blind people [56, 57].

In indoor corridor-like environments, they usually rely on the surrounding walls
to navigate [27]. As various obstacles may be placed along the wall, such as wall-
mounted furniture and objects [28], blind people may collide with these obstacles,
resulting in damage to both the blind people and the objects. In addition to avoiding
obstacles, blind people must be aware of the corridor's geometric structure [29, 30],
such as intersections, to navigate to their destinations. Walking past an intersection
unnoticed or turning into an incorrect intersection could lead to blind people being
lost. To navigate correctly, they need to reliably perceive the position and shape of
each intersection that they go through.

With the use of only a white cane, they may not be able to locate an intersec-
tion, resulting in walking past one unnoticed [31] (Section 3.6.1, A3.1). In addition,
the white cane does not fully support the shape recognition of intersections (Sec-
tion 3.6.3, A3.7) because it has a limited range of contact. Although guide dogs can
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help blind people locate an intersection [31], not all blind people prefer them as
they require certain caretaking [32, 33]. In this regard, indoor turn-by-turn naviga-
tion systems have been proposed to ensure safety by conveying obstacle-avoiding
path [59, 141, 10, 54, 64] or positions of obstacles [49, 68, 69], and without being lost
via and conveying correct information about intersections [9, 20]. However, such
systems require static route maps and additional infrastructure, making them un-
likely to be used in various places.

Therefore, we present Corridor-Walker a mobile indoor map-less walking assis-
tance system for supporting blind people in avoiding obstacles and recognizing ( i.e,
locating and grasping the paths they lead to) intersections (Figure 3.1). The system
is aimed to be used in indoor corridors where static route maps and infrastructure
are not available, but the user has the knowledge of the turns they need to make to
reach the destination (e.qg, corridors in apartments, of ces, or hospitals) from a prior
visit or from tactile maps [142, 143] or interactive devices [144]. The system assists
the user in avoiding obstacles by navigating the user to trace an obstacle-avoiding
path using both spatialized audio and text-to-speech (TTS) feedback. By detecting
intersections, the system informs the user of the existence and shape of an upcoming
intersection through vibration and TTS feedback. Notably, the system prompts the
user to scan their surroundings to clarify the grid map's layout. Once the shape is
con rmed, it informs the user, enhancing system performance and user understand-
ing, realizing collaborative interaction.

To achieve these functionalities, the system rst constructs a 2D occupancy grid
map [54, 72, 73, 70] of the surrounding environment using a LIiDAR sensor equipped
with an iPhone 12 Pro [145], which supports accurate grid map construction. Then,
the system plans an obstacle-avoiding path on the grid map using the A* path plan-
ning algorithm [146]. Simultaneously, the system detects upcoming intersections us-
ing the YOLOV3 detector [147]. Since only real-time sensing results are used, these
functionalities can be accomplished without the need for a static route map or addi-
tional infrastructure.

We conducted a user study with 14 blind participants. The aim of the study was
to investigate whether users could employ collaborative interaction, scanning, to
identify intersections, and whether the system could be used to support an indoor
corridor navigation scenario. The participants were asked to perform three tasks.
In the rst task, the participants turned in different types of intersections, and were
asked to list all directions to which each intersection led. In the second task, sev-
eral obstacles were placed in a straight corridor, and the participants were asked to
walk through it, while avoiding the obstacles. In the last task, the participants were
asked to navigate a corridor containing both obstacles and intersections. The study
revealed that Corridor-Walker enabled the participants to avoid obstacles while re-
lying less on the wall and to better grasp the intersection's shapes.

3.2 Related Work

In this section, in addition to the related works reviewed in Chapter 2 - navigation
challenges (Section 2.1.1), map-based navigation assistance systems (Section 2.2.1),
and obstacle avoidance systems (Section 2.2.2) — we describe indoor intersection
detection technology and interaction methods applicable to mobile devices.
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3.2.1 Intersection Detection in Indoor Environments

The problem of detecting indoor intersections without a static route map has been
explored by using LIDAR or RGB sensors. Lacey and Shane proposed the use of a
Bayesian network to detect intersections using a 180 laser range nder attached to
a robot [95]. Garcia et alproposed detecting intersections from RGB images taken
by a quadcopter using a rule-based approach [148] and a convolutional neural net-
work [149]. These methods can adequately detect various types of intersections in
indoor environments in advance. However, applying these methods to navigate
blind people may not be suitable as it has been shown that some blind people may
not hold smartphones stably [8, 150], and therefore images captured by them may
contain motion blur [151]. In addition, images captured by them may miss the en-
tire subject from the camera [152]. To overcome these issues, our approach uses
an image of a 2D occupancy grid map of the surrounding environment, which is
constructed using a LIDAR sensor equipped on a smartphone and is thus less sus-
ceptible to motion blurs. Moreover, we included collaborative interactive feedback
that can guide the users to scan the environment when more information is needed
to identify intersection types.

3.2.2 Designing Non-visual Feedback for Blind People

Based on previous studies, we designed the Corridor-Walker interface to provide
multiple feedback modes through bone-conducting headphones, with each mode
conveying speci ¢ information suited to different situations. To convey navigation
information to a blind user, previous studies utilized feedback using either audio
feedback (e.g, TTS [8, 153, 9, 20, 10, 114, 154, 116], soni cation [155, 49, 41, 114, 68],
spatialized audio [156, 120, 157, 158, 68, 159, 66], beep sounds [61, 59, 66, 66]), vi-
bration feedback [8, 150, 63, 64, 69], or thermotactile feedback [160, 161]. Although
instructions from TTS are capable of conveying various clear instructions to users,
their use should be kept minimal. This is because they may block ambient sounds
that blind people often rely on [162], may not be heard in a noisy area [163], and may
harm their cognitive load [164]. In addition, although TTS can convey various in-
structions, itis a challenge for them to use TTS for slight adjustments of their orienta-

tion [9] (e.g, rotate 4 totheright). In contrast, according to Lock etal.[157], slight ad-
justment of a user's arientation with spatialized audio using bone-conducting head-
phones was found to be effective. In addition to audio feedback, vibration feedback

is used to convey simple instructions to blind users. Blind people highly prefer them

as they can be perceived in noisy environments [59] and do not harm the person's
cognitive load compared to audio feedback [164]. Although Nasser et alreported
that thermotactile feedback outperforms vibration feedback in providing directional

cues [161], it may require additional Peltier modules with smartphones.

3.3 System Design

Our main goal is to support the blind user in navigating indoor corridors to safely

arrive at their destination without modifying the infrastructure of the building or

requiring its static route map. The typical situation is as follows: A blind person is
walking in an indoor corridor, such as those in of ces, hospitals, and hotels. The person
knows how many intersections they have to turn to reach the destination. However, there
are several obstacles in the corridor, which are blocking the paéaim of the system is
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