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Abstract— Visually impaired individuals encounter significant
challenges when walking and acting in unfamiliar environments,
particularly in outdoor scenarios. The complexity of outdoor
environments, characterized by diverse obstacles, traffic signals,
and societal norms, poses substantial barriers to mobility of
visually impaired individuals and makes long-distance walking
especially arduous. Although GPS-based navigation systems can
facilitate long-distance travel, they often suffer from location
inaccuracies in urban areas and even completely fail indoors.
Moreover, these systems lack the capability to provide detailed
information about walkways and immediate surroundings, which
are crucial for safe and efficient walking. To address these
limitations, we introduce a proof-of-concept wearable navigation
system named eLabrador, designed to assist visually impaired
individuals in long-distance walking in unfamiliar outdoor envi-
ronments. The eLabrador integrates public maps (e.g. Amap
or Google Maps) and GPS for global route planning, while
leveraging computational visual perception to provide precise
and safe local guidance. This hybrid approach enables accurate
and safe navigation for visually impaired individuals in outdoor
scenarios. Specifically, the eLabrador utilizes a head-mounted
RGB-D camera to capture environmental geometric terrain and
objects in outdoor urban environments. These inputs are pro-
cessed into a 3D semantic map, offering a detailed representation
of the surrounding environment. The planning module then
integrates this 3D semantic map with route information from
the global map (i.e. Amap) to generate an optimized walking
path. Finally, the interaction module utilizes the audio-haptic
dual-channel to relay navigation instructions to visually impaired
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user. Together, these three modules work seamlessly to facilitate
long-distance navigation for visually impaired individuals in
outdoor environments. The eLabrador is evaluated with two
real-world outdoor scenarios, involving 10 visually impaired
and visually masked participants. The experiments show that
eLabrador successfully guides visually impaired participants to
their destinations in outdoor environments. Additionally, the
eLabrador provides descriptive information about landmarks
and other navigation cues, helping visually impaired users better
understand their surroundings. Subjective evaluations further
indicate that most participants felt a sense of safety and reported
an acceptable cognitive load during navigation, indicating its
usability and effectiveness.

Note to Practitioners—Visually impaired individuals almost
cannot walk long distance in unfamiliar outdoor environments.
Without proper assistance, their mobility and quality of life can
be severely impacted. To address this issue, this article presents a
wearable navigation system eLabrador to assist visually impaired
individuals in walking outdoors, such as traveling from a resi-
dential entrance to a nearby park. Experimental results from
real-world scenarios involving 10 participants demonstrate that
eLabrador safely guides visually impaired users to their destina-
tion, significantly enhancing their mobility and independence.

Index Terms— Wearable navigation system, navigation for
visually impaired, outdoor navigation, eLabrador.

I. INTRODUCTION

ACCORDING to the Vision Loss Expert Group, more than
338 million people worldwide experience moderate to

severe visual impairment, with 43 million suffering from sig-
nificant vision loss [1]. Visual perception is essential for daily
activities, and visual impairment severely limits an individual’s
ability to perceive the environment. This impairment adversely
affects various aspects of life, including mobility, behavior,
travel, and social interactions [2]. Previous research [3] shows
that severe vision loss significantly reduces the mobility of
visually impaired individuals, diminishing their confidence in
participating social activities. Consequently, over 30% of visu-
ally impaired individuals rarely engage in independent outdoor
activities [4]. Moreover, visual impairment increases the risk
of suffering physical and mental health issues [5]. Given these
issues, the development of an intelligent navigation system
for visually impaired individuals holds substantial social and
technological importance.

In recent years, researchers have proposed numerous assis-
tive systems for visually impaired individuals, with a particular
focus on indoor environments [6], [7], [8], [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23].
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For example, Lee et al. [11] proposed a wearable navigation
system based on RGB-D camera for indoor wayfinding and
obstacle avoidance. Guerreiro1 et al. [15] developed “Cabot,”
a suitcase-shaped navigation robot, to enhance indoor mobil-
ity. Despite significant advancements in indoor navigation,
research on outdoor scenarios remains relatively limited in
both depth and breadth [24], [25], [26], [27], [28], [29],
[30]. For example, Kammoun et al. [24] adopted the GPS
to assist the visually impaired individuals in outdoor navi-
gation, however the system provided only coarse directional
cues, lacking detailed guidance. Ni et al. [25] developed a
cart-shaped robot to improve the wayfinding abilities of visu-
ally impaired individuals in simple campus environments.
Similarly, Duh et al. [28] introduced V-Eye, a vision-based
wearable navigation system designed for outdoor use, however
it requires predefined landmarks, restricting its usability pri-
marily to university environments. The Augmented Cane [29]
was also designed for outdoor navigation, however its reliance
on a 2D LiDAR sensor limited its ability to detect obstacles
at head height.

In general, these navigation systems either rely on coarse
GPS-based navigation [24], [29] which lack precision for
detailed guidance, or are limited to small, confined areas such
as indoor spaces or school campuses [11], [25]. Consequently,
both approaches face significant limitations in supporting
long-distance navigation for visually impaired individuals in
unfamiliar outdoor environments.

To guide visually impaired individuals in long-distance
walking through unfamiliar outdoor environments, we follow
the common framework shown in Fig. 2 and elaborately refine
each module to find feasible local walking path based on a
GPS route. The core innovation of our work lies at the system
level, particularly in Global-Local Collaborative Navigation,
which simultaneously leverages both global route map (e.g.
Amap1 or Google Maps) and local semantic map. Although
the adjustments within each module may appear minor in
isolation, together they form a cohesive system that enables
visually impaired individuals to successfully walk in unfamil-
iar outdoor environments. A summary of each module’s design
is given below:
• In the perception module, we utilize the existing

mask2former [31], [32] to obtain semantic informa-
tion about the environment and and employ VINS-
MONO [33] for odometry estimation, thereby generating
a 3D semantic map of the user’s local surroundings.

• In the planning module, we propose a newly designed
Direction A* algorithm (Dir-A*), which extends the orig-
inal A* method to find a local walking path using coarse
guidance from route planner. As the route provided by
Amap (comprising a set of GPS waypoints) typically lies
on driving road, directly following those waypoints would
be dangerous for pedestrians. To address this issue, Dir-
A* refines the walking path from driving road to safe
sidewalk, and ensure safer navigation.

• In the interaction module, we design an audio-haptic
dual-channel interaction mechanism to deliver navigation

1https://ditu.amap.com/, Amap is also known as Gaode in China.

instructions and key object information, helping visually
impaired users follow the planned path properly. The
haptic channel provides direction and timely prompts
with low cognitive load, while the audio channel conveys
richer semantic details such as object names, road signs,
and system notifications.

II. RELATED WORK

Over the past years, several navigation systems have been
developed to assist visually impaired individuals in both indoor
and outdoor environments, thereby improving their mobility,
confidence, and self-esteem. Among these efforts, smart canes,
navigation robots, and wearable devices have emerged as
the most popular ones. Each of these systems offers unique
advantage that improve the independence and quality of life
for visually impaired individuals.

A. Smart Cane

The white cane is one of the most widely used assistant tools
within the visually impaired community. Through frequent
physical contact with their surroundings, visually impaired
individuals can sense the terrain and avoid obstacles effec-
tively. Despite its benefits, the white cane alone offers limited
assistance and may not always provide sufficient guidance,
even in familiar environments.

To overcome the white cane’s limitation in exploration
range, researchers proposed various smart cane designs, which
integrate multiple sensors (including sonar [34], infrared [35],
and ultrasonic [36]) to gather more environmental information.
These additional sensors allow smart canes to detect obstacles
of varying heights and at longer distance, thus enhancing their
overall utility. Among these solutions, Agrawal et al. [21]
mounted an RGB-D camera on a white cane to search nearby
seats. Similarly, the GuideCane [37], [38] employed multiple
ultrasonic sensors for nearby obstacle detection. These sensors
enable the perception of the surroundings at a distance without
requiring direct physical contact with the environment, and
thus improve the capability of mobility, obstacle avoidance,
and indoor wayfinding for visually impaired individuals.

Moreover, some cane-based navigation systems enhance the
white cane with robotic mechanisms to provide smart assis-
tance. For instance, Aigner and McCarragher [39] developed
a Robotic Cane featuring a wheel at its end, which steers
the user in the correct direction upon detecting obstacles or
deviations from the intended path. This system also designs
a shared-control framework, allowing the user to override or
compromise with the autonomous commands and ensuring
that the device helps rather than hinders. The Co-Robotic
Cane (CRC) [10] and the Robotic Navigation Aid (RNA)
[16] incorporate RGB-D cameras for pose estimation, object
recognition, and path planning. More recently, Slade et al. [29]
proposed a promising Augmented Cane, which combines
multiple sensors (e.g. 2D LiDAR, camera, and GPS) to offer
comprehensive assistance for visually impaired individuals,
including obstacle avoidance, indoor and outdoor wayfinding,
and key-object detection. In addition, Ranganeni et al. [23] and
Zhang et al. [40] investigated varying levels of shared control
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between humans and robots, highlighting how different control
schemes affect users’ sense of agency.

By incorporating additional sensors and robotic mech-
anisms, these enhanced white cane–based systems offer
substantial support for visually impaired individuals. However,
as noted by users in [29], over installed sensors will increase
the cane’s weight, diminishing its portability and suitability
for daily use. Moreover, a heavier cane may reduce the fre-
quency of environmental contact, thereby discouraging active
exploration and interaction.

B. Navigation Robot
The guide dog is another widely used partner for visually

impaired individuals. However, training a guide dog typically
requires about six months and costs around $50,000, while it
can only serve for six to seven years [23]. To address these
limitations, several navigation robots have been developed.
Kayukawa et al. [17] proposed BlindPilot, a cart-like robotic
platform [6], [14], [25] designed to guide visually impaired
users to landmark objects. This system detects and estimates
target objects (e.g. an empty seat) using an RGB-D camera
and constructs a 2D map of the surroundings with a LiDAR
sensor. Once the target is recognized, the robot plans an
obstacle-free path and navigates the user reach the destination
through the handle. Guerreiro et al. [15] implemented the
Cabot, a suitcase-shaped navigation system that allows users
to walk alongside it while holding the handle for added
confidence and safety. This design has since been adopted
to guide visually impaired individuals in public spaces [18]
and unfamiliar buildings [22]. Meanwhile, Xiao et al. [41]
implemented the Robotic Guide Dog, which is connected to
the user via a leash, enabling navigation through narrow and
cluttered spaces. Chen et al. [42] further developed a control-
lable traction device with adjustable length and force between
the user and the robot to ensure user comfort. Additionally,
Balatti et al. [43] proposed a guidance planner that accounts
for both the robot and the user, ensuring a collision-free path.

These navigation robots enhance mobility and confidence
for visually impaired users, particularly on flat ground.
However, such systems often underperform on the uneven
terrain commonly found in outdoor environments. Although
quadrupedal robots can mitigate this issue, their downtime
can still pose problems for users. Furthermore, while the
combination of white canes and robotic systems (e.g. Robotic
Cane [39] and Augmented Cane [29]) has significantly bene-
fited the visually impaired individuals, the added weight and
the constant need to occupy one hand remain barriers to
active exploration. To address these fundamental challenges,
our research focuses on wearable assistive technology that
achieves seamless integration with daily activities while main-
taining unimpeded mobility.

C. Wearable Devices
In recent years, a few wearable devices have emerged,

such as goggles, helmets, smartphones, and backpacks. They
naturally blend with both users and their environments. These
devices present a promising choice for navigation systems
that are designed to assist visually impaired individuals.

Previous work [44] also highlights the importance of pro-
viding comfortable assistance while mitigating social stigma
concerns.

Smartphones equipped with integrated cameras, GPS, and
Inertial Measurement Units (IMUs) provide a variety of con-
venient aids for visually impaired users, including obstacle
avoidance [45], indoor self-localization [46], [47], wayfind-
ing [48], and pedestrian/intersection detection [20], [49].
Chen et al. [26] designed an extensible Android-based system
offering features such as messaging, street-view descrip-
tions, and navigation to specific destinations. Furthermore,
Duh et al. [28] proposed V-Eye, which integrates a global
localization method (VB-GPS) and image-segmentation tech-
niques to improve scene understanding using a single camera.
V-Eye provides location and orientation information, detects
unexpected obstacles, and supports navigation in both indoor
and outdoor environment. Although these outdoor navigation
systems enhance mobility for visually impaired individuals,
they have primarily been tested on university campuses rather
than urban roads. This limitation highlights the need for
systems tailored to the complexities of urban environments.
Accordingly, one of our primary contributions is designing
a wearable navigation system specifically for urban environ-
ments.

Head-, wrist-, or chest-mounted sensors represent another
common design in wearable navigation systems. For instance,
Blessenohl et al. [50] developed a helmet-mounted, camera-
based solution to measure the depth of surrounding floors and
walls. Lee et al. [11] designed an RGB-D camera–based indoor
navigation system that relies on a camera and an IMU for
user position estimation. Wang et al. [13] attached a depth
camera to the chest as the main perception sensor, enabling
the system to identify walkable areas, plan step-by-step move-
ments, and recognize key objects in indoor environments.
Similarly, Ma et al. [30] used a shoulder-mounted camera to
detect important objects in the surroundings.

In addition, smart goggles equipped with cameras provide
another solution for assisting visually impaired individuals.
Al-Khalifa [51] implemented an Arabic navigation system
called Ebsar, which uses Google goggles to support indoor
navigation. In this system, a sighted individual pre-builds
the building map, and the visually impaired user’s location
is determined by scanning Quick Response (QR) codes.
Meanwhile, Katzschmann et al. [52] proposed a contactless,
intuitive, hands-free, and discreet wearable device featuring a
sensor belt fitted with an array of LiDARs to measure dis-
tances to nearby obstacles and walls, thus facilitating obstacle
avoidance. Liu et al. [53] further developed an RGB-D goggles
to assist visually impaired individuals in jogging.

To summarize, smartphone is an excellent wearable naviga-
tion option attributing to its lightweight and equipped multiple
sensors. However, using a smartphone’s camera requires hang-
ing or holding it around chest level, bringing an extra burden
on hands or neck [20], [49]. Consequently, hands-free, head-
mounted cameras or smart goggles serve as more convenient
alternatives. In this work, we adopt a head-mounted camera
as it offers an effective proof-of-concept solution and can be
seamlessly adapted to lightweight smart goggles in future.
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Fig. 1. Hardware configuration of the eLabrador.

III. SYSTEM DESIGN

Although some efforts on assistive systems have been
proposed to aid the visually impaired individuals, the goal of
achieving complete independence in their daily lives remains
a big challenge. In this work, we contribute to the field by
proposing and implementing the eLabrador, a wearable navi-
gation system designed to assist visually impaired individuals
in long-distance walking in unfamiliar outdoor environments.
The system integrates hardware, software, and network con-
nectivity, working in unison to capture environmental data,
process it, and deliver actionable instruction to the user.

The system operates through a coordinated workflow. First,
multiple sensing inputs, from an RGB-D camera with an
Inertial Measurement Unit (IMU), a magnetometer, and a
Global Positioning System (GPS) unit, are used to capture
environmental information. Then, perception and planning
modules analyze these inputs to generate concise and infor-
mative guidance instructions, such as optimized walking path
and direction. Finally, these guiding instructions are delivered
to visually impaired users through audio and haptic channels,
ensuring a safe and efficient navigation. The details about the
whole system are described in the following sub-sections.

A. Hardware Configuration

As illustrated in Fig. 1, the system hardware includes
three primary components: perceiving sensors, computing and
networking module, and interactive module (including audio
and haptic vibrators).

The perceiving sensors consist of an RGB-D camera, a mag-
netometer, and a Global Positioning System (GPS) unit. The
RGB-D camera, a RealSense D455, captures RGB-D images
of the surroundings with a wide field of view [54] and
is integrated with an Inertial Measurement Unit (IMU) to
measure the head/body’s pose, including position and orien-
tation. The magnetometer determines the user’s orientation
within the east-north-up coordinate system, while the GPS
provides the user’s position in terms of latitude and longitude
based on the World Geodetic System-1984 Coordinate System
(WGS84). All sensors, except for the GPS, are mounted
within a customized helmet. The GPS is relocated to the
accompanying backpack due to its larger size.

The portable computer is an Intel NUC 12 mini PC equipped
with Intel Core i7-1260P processors, chosen for its compact

Fig. 2. Information processing procedure of the eLabrador.

size and processing power. Power is supplied by a portable
power bank with a capacity of 260 watt-hours, ensuring
extended operational time. For network connectivity, a wireless
router with 4G LTE-FDD is included, offering a maximum
bandwidth of approximately 150 Mbps. The portable com-
puter, wireless router, power bank, and the GPS unit are
housed within a backpack, as illustrated in Fig. 1.

The interactive module (including audio and haptic vibra-
tors) consists of bone-conduction headphones and an elastic
belt, designed to deliver audio and haptic guidance instruc-
tions to visually impaired users. Bone-conduction headset is
chosen since it does not obstruct the user’s sense of hearing,
allowing them to remain aware of environmental sounds [55].
The elastic belt delivers navigation instructions with haptic
feedback using five vibrators evenly distributed across the front
of the belt. These vibrators are controlled by an Arduino Mega
2560 embedded board. Additionally, the belt is made of elastic
material to ensure it can comfortably accommodate individuals
with varying waist sizes.

Overall, the weight of the whole navigation system
(excluding the helmet) is approximately 1.76 kg, with the
260 watt-hours power bank contributing an additional 1.58 kg.
The power bank capacity can be adjusted as needed to reduce
weight. Under full load, the portable power bank provides a
minimum of 7 hours of continuous operation.

B. Procedure of Information Processing

From sensoring to action instruction, three modules, percep-
tion, planning, and interaction, are involved for information
processing, as illustrated in Fig. 2. These modules collaborate
to generate navigation instruction that guides visually impaired
individuals to walk independently from a starting point (loca-
tion A) to a destination (location B).

Among these modules, the perception module aims to
perceive the user’s position and surroundings. Specifically,
this module processes data from the sensors, constructs a 3D
semantic map of the surrounding environment, and estimates
the self-position of the visually impaired user. Additionally,
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it performs GPS-Map Registration to align the east-north-
up coordinate of the GPS with the coordinate of the local
surrounding map. Then, the planning module is responsible
for optimizing a practical walking path by considering both
the global GPS-based route and local sidewalk conditions,
such as obstacles, traffic signals, and pedestrians. Leverag-
ing the aligned GPS data, self-position, 3D semantic map,
and destination, this module performs walking-route planning
followed by walking-path planning to determine the specific
walking path. Finally, the interaction module is responsible for
delivering navigation instruction from the planning module to
visually impaired users through audio and haptic channels.
Additionally, this module accepts user voice commands, such
as destination changes.

C. Network Connectivity

To balance the local computing power and portability of
eLabrador, we adopt an edge-cloud collaborative computing
design. The modules of information processing in eLabrador
are strategically divided between the cloud and edge devices
based on their importance and time complexity. This design
allows the system to leverage the computational power of
the cloud for faster processing while ensuring critical safety
and essential functions remain operational even if the cloud
connection fails. Specifically, tasks such as segmentation,
mapping, and path search step of path planning are deployed
on the cloud (a Lenovo Y9000K Laptop with the RTX 3080),
while other modules are deployed on the edge (an Intel NUC
12 mini PC with Intel Core i7-1260P Processors). This design
ensures that the onboard computing device remains lightweight
and does not impose a significant burden on the user.

Additionally, based on our experiments, the bandwidth of
the eLabrador ranges from 8 to 16 Mbps, which is stably
provided by major telecommunication providers. However,
in cases where Internet or mobile connections are poor, GPU-
based modules in the cloud, such as segmentation, may fail
to function. To address this, our system periodically monitors
network connectivity, and the system will switch to navigation
without those modules in the cloud when a network failure is
detected.

In eLabrador, all sensors are connected to the mini PC
via USB 2.0 (for the GPS and magnetometer) or USB 3.0
(for the camera). Haptic vibrators is transmitted to the belt
using an HC-05 Bluetooth 2.0 module, while audio feedback is
delivered to the bone-conduction headphones via a Bluetooth
5.3 module.

IV. DETAILS OF SOFTWARE MODULES

The problem that our eLabrador aims to address is formu-
lated as a prompt-driven navigation problem. This problem
takes continuous sensor observations and destinations as input,
and generates actionable instruction as output, as illustrated in
Eq. (1) and Fig. 3.

f (O, P)→ A, (1)

where O represents the sensor observations, consisting of
RGB-D image, IMU, and Magnetometer data; P represents

Fig. 3. Illustration of the prompt-driven navigation problem. (a) shows the
inputs, including the sensor observations O and prompt P , (b) shows the
output, i.e. the action instruction A, which is delivered to the visually impaired
user through audio and haptic channels. ‘yellow line’: the actual trajectory the
visually impaired user walks.

Fig. 4. Illustration of the workflow in the perception module.

the destinations; A represents the action instruction, including
audio and haptic ones. To address the prompt-driven navi-
gation problem, the software in our system contains several
functional modules to enable visually impaired individuals to
walk long distance in outdoor environment. These modules
include perception, global-local collaborative planning, and
dual-channel interaction. These modules form a pipeline as
in Fig. 2, with each module meticulously designed to ensure
optimal functionality. The novelty of eLabrador lies at system
level, particularly in the aspect of Global-Local Collabora-
tive Navigation, which integrates both global route map (i.e.
Amap) and local semantic map to provide accurate navigation
guidance.

A. Visual Perception Module

Visual perception module is designed to extract both
geometric and semantic information of the user’s local sur-
rounding environment. This includes localizing the sidewalk
region, detecting obstacles, and recognizing key objects, all of
which are essential for enabling safe and efficient navigation.
As illustrated in Fig. 4, the perception module is composed
of four sequential sub-modules: image segmentation, odom-
etry, map fusion, and GPS-Map registration. Together, these
sub-modules work to generate a 3D semantic map, which is
described in detail below.

1) Semantic Segmentation: The first sub-module is image
segmentation, which takes synchronized RGB and depth
images as inputs and generates a point cloud enriched
with semantic information. Specifically, the state-of-the-art
image semantic segmentation method, Mask2Former [31],
is employed to produce semantic categories and classification
probabilities for each pixel in the image. Mask2Former is
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pre-trained on the Mapillary Dataset [56], a street-level dataset
containing 103 categories. Subsequently, using the depth map
D and camera intrinsic matrix K, each pixel in the image is
accurately mapped to a 3D coordinate in the camera coordinate
system, resulting in semantically annotated point clouds. The
intrinsic matrix K of the camera is defined as:

K =

 fx 0 cx

0 fy cy

0 0 1

, (2)

where fx and fy represent the focal lengths in the x and y
directions, respectively, and cx and cy represent the coordinates
of the principal point. For a given pixel (u, v) in the image
plane with a depth value d, obtained from depth camera the
corresponding 3D point (X, Y, Z) in the camera coordinate
system can be computed as follows:

X = (u − cx ) ·
Z
fx

,

Y = (v − cy) ·
Z
fy

,

Z = d. (3)

This transformation is applied to every pixel in the depth map
to generate the 3D point cloud.

2) Odometry Estimation: The second sub-module is odom-
etry estimation, which calculates the camera’s pose in the
local coordinate system at each timestamp by leveraging data
from the IMU and the captured images. In the eLabrador,
we utilize VINS-MONO [33] as the SLAM backend. VINS-
MONO estimates odometry from RGB images and IMU data,
providing a robust and versatile monocular visual-inertial state
estimation. As the map generated by VINS-MONO is sparse
and unsuitable for direct use in obstacle avoidance and path
planning, the derived odometry is utilized in the subsequent
map-fusion sub-module to integrate semantic point clouds
from different locations. Each odometry estimation Fwc(t) at
time t represents the transformation from the camera coordi-
nate system to the local coordinate system and is typically
expressed as a 4× 4 homogeneous transformation matrix:

Fwc(t) =
[

Rwc(t) Twc(t)
0 1

]
, (4)

where Rwc(t) is a 3 × 3 rotation matrix and Twc(t) is a
3× 1 translation vector.

3) Map Fusion: The Map Fusion sub-module fuses point
clouds from multiple time steps to construct a 3D map
enriched with semantic information. Inspired by Semantic
SLAM [57], we utilize a voxel map to represent this 3D
environment. Each voxel in the map stores three key pieces of
information: the occupancy probability, the semantic category,
and the classification probability associated with that voxel.

Firstly, the semantic point clouds are transformed from
the camera coordinate system to the local coordinate system
based on the estimated camera poses from the submodule of
odometry estimation. For a 3D point Pc(t) = [Xc, Yc, Zc, 1]T

in the camera coordinate system at time t , its corresponding
point Pw(t) in the local coordinate system is given by:

Pw(t) = Fwc(t) · Pc(t). (5)

By applying this transformation to each point in the point
cloud captured at time t , the entire point cloud is transformed
from the camera coordinate system to the local coordinate
system. Repeating this process for point clouds captured at
different timestamps enables the alignment of all point clouds
to a common reference frame.

Then, the transformed point clouds are inserted into the
semantic map in chronological order. For each point cloud,
the points within it are inserted into the map one by one.
When inserting a point into its corresponding voxel, we adopt
the Max fusion in Semantic SLAM [57] to integrate its
semantic information. This procedure produces a 10m×10m
octomap, which serves as a detailed and semantically enriched
representation of the local environment.

4) GPS-Map Registration: To align the global east-north-up
(ENU) coordinate system of the GPS with the local coordinate
system of the 3D semantic map, GPS-Map Registration is
introduced to estimate the transformation matrix between
them. Given the sequence of GPS points {penu

i (lat, lon)} in
global ENU coordinate system and the odometry sequence
{pw

i (x, y)} in local coordinate system, we align the penu

and pw through their time stamps and get the aligned point
pair sequence {(penu

i , pw
i )}. Specifically, the GPS points are

transformed into the Cartesian coordinate system as follows:

pcar
i =

{
(0, 0) i = 0
pcar

i−1 + (Di−1,i cos αi , Di−1,i sin αi ) i ≥ 1
, (6)

where the Di−1,i is the horizontal distance between GPS points
penu

i−1 and penu
i , and αi is azimuth of line between penu

i−1 and penu
i

at point penu
i−1. Here, the algorithm for the inverse problem

in [58] is adopted to compute the horizontal distance and
azimuth. Finally, same as that in [59], the transformation is
computed by solving the following equation:

(R, t) = arg min
R∈SO(2),t∈R2

∑
i

∥∥pw
i − (Rpcar

i + t)
∥∥2

, (7)

where R is a 2×2 rotation matrix, and t is a 2×1 translation
vector, representing the transformation from the GPS Cartesian
coordinate system to the local coordinate system of the 3D
semantic map respectively. Since the z-axis of map coordinate
system has been aligned with the anti-gravity direction, we
only need to estimate the transformation of the x- and y-axis
here, which means pcar

i ∈ R2, pw
i ∈ R2.

B. Global-Local Collaborative Planning

The visual perception module described above generates a
3D semantic local map aligned with the global East-North-Up
(ENU) coordinate system. Consequently, the planning results
(i.e. GPS waypoints) from Amap can be projected onto this
3D semantic map. However, simply following these waypoints
is not feasible for visually impaired users because an Amap
route is located on driving roads rather than sidewalks, posing
significant safety risks for pedestrians. Moreover, the 3D
semantic map contains only semantic and geometric infor-
mation without explicitly conveying traversability, making it
incompatible with typical planning algorithms.
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Fig. 5. Illustration of (a) the workflow in planning module, (b) outputs (red
lines) of the walking-route planning sub-module, and (c) optimized walking
path from current position (red line), obtained by the walking-path planning
sub-module.

To address these issues, the planning module is designed
to optimize a practical walking path by considering both the
global GPS route and local sidewalk conditions (e.g. obstacles,
traffic signals, pedestrians), enabling visually impaired individ-
uals to reach their destinations safely. As shown in Fig. 5a, the
planning module consists of two sub-modules: walking-route
planning and walking-path planning. The walking-route plan-
ning sub-module rectifies the waypoints from driving roads
to sidewalks by determining a directional subgoal. Given this
subgoal, the walking-path planning sub-module then routes a
safe walking path by considering local traversability.

1) Walking-Route Planning: The walking-route planning
sub-module aims to obtain the walking route on the sidewalk
with the Amap and GPS location, as shown in Fig. 5b. Given
the user-assigned destination and current (start point) GPS
location and an option of sidewalk, the Amap returns a planned
route from start to the destination. This route is represented
by a series of waypoints, which typically lie on roads rather
than sidewalks. Each pair of successive waypoints defines
a subroute, with an approximate length of 10 meters. The
visually impaired user’s current GPS location is then matched
to the nearest subroute, and the azimuth between them is
identified as the directional subgoal, which begins from the
sidewalks.

2) Walking-Path Planning: The directional subgoal derived
from the walking-route planning sub-module may not always
be feasible due to potential obstructions on the pavement,
such as pedestrians or vehicles. To address this issue, the
walking-path planning sub-module dynamically generates a
safe and walkable path by taking into account the user’s
immediate surroundings and the intended subgoal direction.
This ensures that the user can walk safely and avoid obstacles
in real time.

The walking-path planning sub-module comprises three
steps: cost map construction (detailed in Appendix A), path
searching (detailed in Appendix B), and path following
(detailed in Appendix C). These three steps run asyn-
chronously to enable real-time obstacle avoidance and ensure
user safety.

First, a cost map represented by a 2D grid map Mc is
constructed from the 3D semantic map, considering both the
collision risk and terrain undulation. In Mc, each grid stores

a cost value between 0 and 1, where 0 corresponds to a region
with no cost (e.g. sidewalk) and 1 indicates a region with high
cost (e.g. vehicle). For more details on the construction of the
cost map, please refer to Appendix A.

The path searching submodule generates a walkable path
based on the directional subgoal and the 2D cost map. Since
the subgoal from the walking-route planning is directional,
it is not applicable for conventional path planner. Therefore,
we developed a Direction A∗ (Dir-A∗) algorithm to compute
a walkable path given a directional subgoal. In this algorithm,
a set of target points is uniformly sampled along the boundary
of the cost map Mc. For each target point, a path is generated
using the A∗ algorithm. The cost of each path is calculated
by considering the accumulation of map costs from the start
point to the target point, the distance from the start point to
the target point, and the angle relative to the subgoal direction.
Among all searched paths, the path with the minimum path
cost is selected as the optimal path. For more details on the
Dir-A∗ algorithm, please refer to Appendix B.

Although the path from the path search step is theoretically
optimized and safe, visually impaired individuals may not
follow it exactly. Therefore, the path following (PF) algorithm
is designed to determine safe walking actions. Using the
searched path and cost map, the PF algorithm first looks ahead
by two meters to identify the next waypoint on the planned
path, similar to the pure pursuit algorithm [60]. A collision-
checking step then determines whether any obstacles lie along
the direct path from the current location to next waypoint. If no
obstacles are found, the direction from the current location to
the endpoint is deemed safe. Otherwise, the foresight distance
is reduced to the distance of the first detected obstacle, and
the process repeats until a safe behavior is found. For more
information, please refer to Appendix C.

C. Audio-Haptic Dual-Channel Interaction

To effectively guide visually impaired individuals, we devel-
oped an audio-haptic interaction module that leverages the
complementary strengths of both channels to convey naviga-
tion instruction and environmental information. Specifically,
audio feedback can communicate high-density semantic con-
tent via short sentences, albeit with some delay and requiring
more cognitive effort. By contrast, haptic feedback offers
higher control frequency with minimal delay and lower cog-
nitive load, making it ideal for conveying real-time movement
commands necessary to avoid collisions.

As illustrated in Fig. 1, audio feedback is conveyed through
bone-conduction headphones, enabling the delivery of rich
semantic information such as object names, road signs, and
system messages. Meanwhile, haptic feedback is generated by
five vibrators mounted uniformly across the front of a belt,
offering intuitive and concise cues—e.g., veering left or right.
The specific navigation messages conveyed via audio feedback
are summarized as follows:
• Route Information: The route information includes the

route name, distance, and direction, for example, “walk
49 meters on current road and turn left.”

• Action Information: The action information refers to the
specific actions users need to perform. For instance, the
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system will announce “prepare to turn left” when a turn is
approaching. If no safe path can be found or an obstacle
is encountered, it will issue a “Stop!” warning.

• System Information: The system information messages
convey the status of the system, such as “system initial-
ization completes,” or “the camera module exception.”

The haptic feedback is designed to deliver fine-grained
navigation information at a rate of 1 Hz. Five vibrators are
mounted on a belt at angles of −90◦ (Left), −45◦ (Front-
left), 0◦ (Front), 45◦ (Front-right), 90◦ (Right), with 0◦ facing
forward. Their respective feedback modes are summarized
below:
• vibrates @ −90◦/−45◦: When the next action direction

lies to the left of the user’s current orientation by more
than 30◦/10◦, the vibrator positioned at −90◦/−45◦ will
vibrate continuously, indicating the user should walk to
the left.

• vibrates @ 90◦/45◦: When the next action direction lies
to the right of the user’s current orientation by more than
30◦/10◦, the vibrator positioned at 90◦/45◦ will vibrate
continuously, indicating the user should walk to the right.

• vibrates @ 0◦: When the difference between the next
action direction and the user’s current orientation is
at most 10◦, the vibrator @ 0◦ vibrates intermittently,
indicating the user should continue walking forward.

During operation, we offer binary (on/off) feedback to guide
users effectively. To accommodate varying preferences and
clothing thicknesses, two vibration intensity modes–low and
high—have been implemented. Users can select the mode that
ensures vibrators are both perceptible and comfortable.

V. EXPERIMENTAL SETTING

As the eLabrador is designed for outdoor navigation, the
evaluation was carried out in typical real-world outdoor
environments frequently encountered by visually impaired
individuals. The following sections describe the evaluation
routes, systems, participants, testing procedures, and the met-
rics used.

A. Evaluation Routes

We selected two routes commonly traversed in the daily life
of visually impaired individuals to test the eLabrador. At each
route, the subject starts from a designated location and follows
the system’s guidance until stopping near the destination and
turning to face it. Fig. 6 shows the layouts of Route 1 and
Route 2, which are detailed below.
• Route 1: The first route represents a daily stroll from

the residential entrance to a nearby wayside park. For
this route, each participant starts from the residential
entrance, walks south for about 30 meters, passes a
turn, then goes east for 240 meters, and finally arrives
at the entrance of the wayside park. At the entrance,
the participant turns around according to the system’s
guidance and finally faces the landmark of this park. The
landmark of this park is a slogan “Honoring the Pioneers
of Science” (Fig. 6-C). On this route, the main chal-
lenges lie in obstacles including walking persons, trees

Fig. 6. The layout of Route 1 and Route 2. The map is cropped from Amap.
In each route, several representative street-views (A: left turn, B: low-hanging
branches, C: the landmark of the destination in Route 1; D: the first crosswalk,
E: the second crosswalk; F: the pavilion of the bus stop, G: the landmark of
the destination in Route 2) are presented. The landmarks are marked by the
orange rectangles. The videos to illustrate Route 1 and Route 2 can be found
in supplementary materials.

(Fig. 6-B) as well as passing a turn (Fig. 6-A). Although
tactile paving provides directional cues, it is sometimes
absent or obstructed, making it unreliable as the sole
guidance for passing the turn.

• Route 2: The second route simulates the scenario of
coming home after attending a social activity held in
the Cultural Activities Center about 300 meters nearby.
Though this route is straight, it has several challenges.
The biggest challenges of this route are two T-junctions
with the crosswalk (Fig. 6-D, E) where the tactile paving
is missing so no directional information can be utilized.
Meanwhile, the low steps at the end of each sidewalk
can potentially trip the visually impaired participants.
In addition, pedestrians and vehicles passing through the
T-junctions could also temporally block the crosswalk.
Besides, the pavilion of the bus stop with a narrow
passageway (Fig. 6-F) also complicates this route. The
residential entrance, marked by the community name
“Kexing Unit” (Fig. 6-G), serves as the final landmark.

B. Evaluation Systems

To compare our eLabrador to other tools, three navigation
approaches are tested with selected routes:
• White Cane + Amap app: Through communication with

visually impaired individuals, we found that using a white
cane in combination with Amap’s navigation application
is a commonly adopted navigation method. Therefore, this
approach is used as a baseline for comparison. In this
baseline, participants followed the directional instructions
from the Amap app while using any preferred white cane
technique, such as touching or constant contact, two-point
touch, shorelining, and trailing.

• eLabrador Only: With eLabrador, participants are navi-
gated using real-time guidance, including haptic feedback
for walking direction and audio instructions for system
information and destination orientation. In this setting,
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only the strategies from the system are used; other daily
strategies, such as shorelining, are not allowed.

• eLabrador + White Cane: Our system is wearable and
hands-free, allowing users to utilize their hands for other
tasks, such as using a white cane to detect low steps.
In this setting, participants utilize both the white cane
and our eLabrador, seamlessly integrating the system’s
strategies with their daily navigation habits.

C. Subjects

Ten subjects were recruited to test our system, including
seven visually impaired participants (V1–V7) and three sighted
participants with eye mask (M1–M3). The group consisted of
seven males and three females, from 16 to 63 years old. All
visually impaired participants have lived with their impairment
for many years. In contrast, the sighted participants with their
eye mask simulate individuals who have recently become visu-
ally impaired and are still adapting to their new circumstances.
This setup allows us to evaluate the effectiveness of our system
for both experienced and newly impaired users.

D. Testing Procedure

The testing procedure consists of three steps: a tutorial,
walking tests, and a questionnaire. At the beginning of each
test session, subjects receive a 15-minute tutorial that explains
the system’s components, outlines IRB and safety protocols,
and instructs them on how to respond to the system’s feedback.
During the test, subjects complete walking tests on both
Route 1 and Route 2 sequentially. For each route, participants
navigate using three different approaches in the following
order: White Cane + Amap, eLabrador, and eLabrador +
White Cane. After the walking tests, participants complete a
questionnaire on their experience using the system during the
walking tests, details about their daily travel experiences, and
additional suggestions.

E. Evaluation Metrics

The performance of eLabrador is evaluated in terms of three
dimensions: safety, function, and friendliness:
• Safety: Safety refers to the system’s ability to detect and

prompt the user to avoid obstacles, thereby ensuring the
user’s safety. This dimension is evaluated by the number
of contacts with obstacles, such as traffic poles, low steps,
and low-hanging branches.

• Functionality: Functionality refers to the system’s abil-
ity to guide users successfully to their destination (i.e.
wayfinding ability), which is the primary objective of the
navigation system for the visually impaired individuals.
This dimension is assessed using two indicators: suc-
cess times and correction number. A trial is considered
successful if the subject arrives at the destination and
correctly faces the destination landmark. The success
indicator is recorded as ‘1’ for successful trials and ‘0’
otherwise. The correction number counts the number
of times the participant had to be intervened by the
experimenter to change his / her current action when they

encountered obstacles such as wrong way or temporary
closed path. Additionally, we report the average walking
speed for reference.

• Subjective Assessment: Subjective assessment involves
the sense of security, cognitive load, and helpfulness
while using the system. For this dimension, we adopt the
questionnaire to gather participants’ subjective feedback
on their experiences with the system.

VI. EXPERIMENTAL RESULTS AND ANALYSIS

A. Safety Evaluation

As mentioned, the safety of the navigation system is quan-
tified by the number of contacts between participants and
obstacles, where a lower number indicates better obstacle
avoidance and greater safety. The experimental results are
presented in Fig. 7 and Fig. 8. For Route 1 (Fig. 7), participants
using only a white cane collided with obstacles such as trees an
average of once. When guided by our eLabrador, the average
number of collisions decreased to 0.7, achieving a 30%
reduction. Furthermore, when using both our eLabrador and a
white cane simultaneously, collisions were further reduced to
an average of 0.5. These results demonstrate that our system
is highly compatible with the white cane, yielding superior
safety.

In Route 2, the results for visually impaired participants,
as illustrated in Fig. 8, reinforce the same conclusion observed
in Route 1: our eLabrador significantly reduces the frequency
of contact with obstacles, demonstrating its ability to enhance
safety for visually impaired individuals during outdoor nav-
igation. However, the trend differs for participants with eye
mask. When guided by a white cane, subjects with eye mask
experience fewer collisions with obstacles compared to using
our eLabrador. This discrepancy arises from difference in
walking behavior between the two groups.

Eye masked participants, aware that obstacles are rarely
present at the edges of the route, tend to walk directly along the
edge of the sidewalk while using the white cane, thereby min-
imizing the likelihood of collisions. In contrast, our eLabrador
is designed to guide users roughly through the middle of the
walkable area rather than along the edge of the sidewalk.
While the eLabrador ensures broader coverage of the walkable
space, it may increase the chances of encountering obstacles
for visually impaired users. These findings highlight the impor-
tance of tailoring navigation strategies to the specific needs
and behaviors of visually impaired individuals, as well as the
potential for further optimizing our system to better align with
their natural walking patterns.

Through careful observation of collision with obstacles
during the experiment, we find that the white cane can
assist the visually impaired participants in avoiding stationary
obstacles placed vertically on the ground by using ground
contact. However, it has limitations in perceiving and avoiding
non-vertical obstacles (e.g. low-hanging branches) and obsta-
cles in motion (e.g. pedestrians). Differently, the eLabrador
relies on visual perception and thus can handle situations that
the white cane struggles with. The above analysis highlights
the distinct strengths of our eLabrador and the white cane in
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Fig. 7. Quantitative results on Route 1 in terms of “(a) number of contact with the obstacle↓, (b) success times↑, (c) correction number↓, (d) walking
speed↑.” In total, ten subjects, including visually impaired and eye-masked individuals, are tested. ‘W’ means ‘White Cane’, ‘S’ means our proposed wearable
system eLabrador, and ‘S+W’ means our eLabrador and white cane.

Fig. 8. Quantitative results on Route 2 in terms of “(a) number of contact with the obstacle↓, (b) success times↑, (c) correction number↓, (d) walking
speed↑.” In total, ten subjects, including visually impaired and eye-masked individuals, are tested. ‘W’ means ‘White Cane’, ‘S’ means our proposed wearable
system eLabrador, and ‘S+W’ means our eLabrador and white cane.

obstacle avoidance scenarios, establishing them as effectively
complementary. These results demonstrate that the eLabrador
can be either used alone to successfully guide the visually
impaired individuals walking outdoors or combined with the
white cane for better navigation.

B. Functionality Evaluation

In our study, the functionality of the navigation system
is evaluated in terms of the success times and correction
number as shown in Fig. 7 and 8. As seen from Fig. 7, the
participants with the white cane achieve no success in reaching
the designated landmark. While the white cane can guide
visually impaired participants to the general destination, but
fails to provide precise guidance toward the specific landmark,
resulting in a score of ‘0’ for all participants. In contrast,
participants using our system perform significantly better than
those relying on the white cane, though occasional failures
still occur. These failures primarily stem from GPS location
inaccuracies, which arise from multi-path effects due to the tall
buildings and numerous metallic objects, such as bike-sharing,
along Route 1 and Route 2.

As shown by the result of correction number in Fig. 7,
the participants with our eLabrador pass Route 1 without
any correction, while the participants with white cane need
0.37 corrections on average, most of which occur at the turns
along the route. These results confirm that passing the turn
is particularly challenging for white cane users, while the
eLabrador effectively addresses this issue by leveraging the

intelligent visual perception of the environment. At Route 2,
the participants with the white cane and our system both need
correction as shown in Fig. 8. The corrections occur in the
crosswalk, where the absence of directional information makes
it difficult to guide visually impaired individuals accurately.
Compared to the white cane, our eLabrador requires fewer
corrections, demonstrating its superior effectiveness. Further-
more, when the participants use eLabrador and the white
cane simultaneously, the correction decreases significantly,
exhibiting the compatibility of our system with the white cane.

The eLabrador works effectively mainly because it delivers
more informative guidance to visually impaired individuals.
However, this brings additional cognitive load, resulting in a
reduction in walking speed as shown in Fig. 7 and Fig. 8.
Moving forward, we plan to focus on optimizing the system
to minimize this cognitive burden.

C. Performance of Visually Impaired and Eye-Masked
Participants

For the eye masked participants, eLabrador significantly
reduces the number of corrections but causes more collisions
on Route 2. This outcome is likely attributed to the distinct
behavioral patterns exhibited by eye masked participants,
particularly their cautious and deliberate movement.

For the visually impaired participants, eLabrador signifi-
cantly reduces the number of collisions, however results in
a higher number of corrections. Through a detailed analy-
sis of the trial records, we find that this issue arises from
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TABLE I
SUBJECTIVE RESULTS FOR ELABRADOR. EACH SUBJECTIVE RATING

SCORE IS BETWEEN 0 AND 10, WHERE 0 INDICATES “POOR”, 5
INDICATES “MEDIOCRE”, AND 10 INDICATES “GOOD”

an area on the route lacking clear boundaries, where even
minor deviations in direction easily trigger manual corrections.
Participants accustomed to independent walking were better
able to maintain a straight trajectory, which helped them avoid
misdirection when relying solely on a white cane. In contrast,
the eye masked participants, who are less skilled at walking
in a straight line, were more susceptible to misdirection
under the same conditions. Additionally, due to limitations
in GPS accuracy, eLabrador occasionally provides incorrect
directional guidance, further contributing to the need for
manual corrections. These findings underscore the complex
interplay between user behavior, environmental factors, and
technological constraints in shaping navigation outcomes.

D. Subjective Assessment

In addition to the objective evaluation presented in the
previous section, we further conducted a subjective assess-
ment on eLabrador through a structured questionnaire. This
questionnaire was designed to gather feedback from visu-
ally impaired participants regarding their sense of security,
perceived cognitive load, the system’s helpfulness, and their
expectations for its performance. These aspects reflect: (1)
how safe users feel when using the system (Security); (2) the
level of attention required to follow the system’s guidance
(Cognitive Load); (3) the system’s ability to assist in daily
life navigation (Helpfulness); and (4) users’ enthusiasm about
the system’s potential for future development (Expectation).
In addition to these metrics, we also collected suggestions
from visually impaired participants on how the system could
be further improved to better meet their needs in the future.

Each indicator in the questionnaire was rated on a 0-10
scale, with detailed explanations provided for each score to
ensure clarity and consistency in responses. For instance,
a score of 0 represents a very poor experience (e.g. no sense
of security, excessively high cognitive load), while a score of
10 indicates an excellent experience (e.g. a strong sense of
security, minimal effort required). Considering that the eye
masked participants do not have enough experience living
with visual impairments, they are excluded from this part. The
results of visually impaired participants are shown in Table I.

As shown in Table I, the average scores for the three
perspectives—security, cognitive load, and helpfulness—are
all close to 7, indicating that most visually impaired users
hold a positive attitude toward our system. For example, V1
mentioned “As a real-time navigation system, it stays stable
and sensitive and also follows my pace without any bug or

stuck. This is more than I’ve expected since I walk rather fast
compared to other visually impaired. To me, haptic feedback is
vital as it not only tells me which way to go but also confirms
me when I’m in the correct direction.”; V3 said “A problem
with the white cane is the areas outside of reach, you can’t
detect every obstacle on the road, nor tree branches around
your head. On the other hand, the system is sensitive enough
to warn you about even the tinniest danger so that you can
avoid it. That is very helpful to me.”

Several participants consider the current system not helpful
enough for their daily life. However, they also believe in the
system’s potential to help the visually impaired. For example,
V2 said “I think this system could bring great help to those
visually impaired individuals who are afraid of going out, but
for us who goes out very often and follow a few fixed routes?
Maybe not that helpful since we are too familiar with these
routes;” V7 said “It’s all about time. The longer I use this
system in the future, the more familiar I would become with
it. And familiarity determines how helpful the system is to me.
For a morning’s training, I could give it a score of 6, but I
believe future practice would bring that score higher.”

In summary, all 7 visually impaired users consider our
system helpful for their walking and make them feel safer.
In the meantime, some users (V2, V3, V7) need to pay their
major attention to receiving guidance from the system, which
can be further improved. Despite these limitations, the system
offers hope for visually impaired users to walk independently
in outdoor environment. For example, V3 says that “I think
this system is great. It provides me with much safety with voice
feedback about exactly how far the destination is frequently.
This feedback, along with feedback about exactly when to turn
left or right, helped me form a general idea of where I am.
I look forward to walking in the park independently with this
system someday.”

Additionally, regarding the weight of the eLabrador, most
users believe they can use it for up to one hour. One user
estimates a usage time of 40 minutes, while two users feel
that the system’s weight does not pose a significant burden.

E. Users’ Comments and Suggestions

Below are some comments and suggestions from visually
impaired participants about how we can improve our sys-
tem in the future. A general suggestion from all visually
impaired participants is that the system could adopt more
voice instructions in the future. For example, a more detailed
description of what the obstacle is, confirmation of walking
in the right direction, and the complexity of the way ahead.
All participants confirmed the importance of haptic feedback
except V5 and V6, who argued haptic feedback could cause
confusion and thus should be deleted. Some other suggestions
include recognizing which bus line is coming to the station,
reducing the total weight of the system, and adding warnings
about dogs’ poop or puddles on the road and so on.

Particularly, V4, being enthusiastic about attending all kinds
of activities for years and having communicated with countless
visually impaired people, gives his valuable opinion: “Visually
impaired individuals, though far fewer in number than sighted
individuals, are no less complex. There are those with visual

Authorized licensed use limited to: INSTITUTE OF COMPUTING TECHNOLOGY CAS. Downloaded on July 02,2025 at 08:08:14 UTC from IEEE Xplore.  Restrictions apply. 



KAN et al.: eLabrador: A WEARABLE NAVIGATION SYSTEM FOR VISUALLY IMPAIRED INDIVIDUALS 12239

impairments, congenital visual impairments, acquired visual
impairments, and so on. Some of them learn new things fast
while others may not. It would be a huge loss if we abandon
either voice or haptic feedback. What you researchers should
do is embrace this diversity and provide visually impaired
people with various choices and let us decide whatever we
like, just like sighted people.”

VII. CONCLUSION

In this work, we have conceptualized and developed a
wearable navigation system eLabrador, tailored explicitly for
enabling independent long-distance walking in outdoor envi-
ronments for the visually impaired individuals. Both the
hardware and software are cohesively integrated to facilitate
environmental perception, global-local collaborative path plan-
ning, and audio-haptic dual-channel interactive engagement
with visually impaired users. The eLabrador is tested on two
real-world routes in the visually impaired individuals’ daily
life, with each route being about 300 meters. Both objective
metrics and subjective feedbacks affirm that eLabrador not
only empowers the visually impaired individuals with indepen-
dent mobility but also instills a heightened sense of security.

While the current system is promising, there exists substan-
tial scope for enhancement, including refining environmental
perception accuracy, accelerating user walking speed, incor-
porating comprehensive voice instructions, and diversifying
system functionalities.

APPENDIX A
COST MAP CONSTRUCTION

Cost map construction is the first step of the walking-path
planning sub-module as illustrated in Section IV-B2. The cost
map is represented by a 2D grid Mc. In Mc, each grid cell is
assigned a value ranging from ‘0’ to ‘1,’ which indicates the
cost of traversing that cell. A value of ‘0’ represents a region
with no traversing cost (e.g. a sidewalk) while a value of ‘1’
represents a region with high traversing cost (e.g. a vehicle-
occupied region). The cost map Mc is constructed by fusing
the collision map Mt and the undulation map Mh as follows:

Mc =Mt (1−Mh)+Mh . (8)

Eq. (8) specifies that a grid cell in the cost map Mc is unwalk-
able if the corresponding grid is marked as untraversable in
collision map Mt , or is blocked by the objects with a large
undulation in undulation map Mh .

A. Collision Map Mt

The collision map Mt is designed as a 2D grid map where
the value in each grid reflects its likelihood of collision or
traversability. The value of each grid in the collision map Mt

also ranges between 0 and 1. A value of ‘1’ indicates a high
probability of collision, rendering the grid non-traversable, and
a value of ‘0’ signifies that the grid is fully traversable with
no risk of collision.

To construct this collision map Mt , we compress the 3D
semantic map into a 2D representation. Let the index of any
voxel in the 3D semantic map from the perception module

TABLE II
THE COLLISION PROBABILITY OF DIFFERENT SEMANTIC CATEGORIES

be denoted as (g, h), where g refers to the index of the grid
in the 2D grid plane and h means the height index of the
voxel. Each voxel in the 3D semantic map is characterized
by two attributes: semantic class and occupancy probability.
To simplify the computation of the collision probability for
each grid in the collision map Mt , we suppose that

1) The collision probability of a grid g in Mt is the
accumulation of the collision probability of all voxels
in the 3D semantic map that share the same plane
coordinate g but locate at different height h.

2) The collision probability of a voxel is determined by
its semantic and geometric properties (e.g. a high tree
branch does not affect walking while a low branch
may hurt the subject). The contributions of these two
dimensions are independent.
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TABLE III
QUANTITATIVE RESULTS ON ROUTE 1 IN TERMS OF “NUMBER OF CONTACT WITH OBSTACLES, SUCCESS TIMES, CORRECTION NUMBER, WALKING

SPEED.” IN TOTAL, TEN SUBJECTS, INCLUDING EYE-MASKED AND VISUALLY IMPAIRED INDIVIDUALS, ARE TESTED. ‘M’ MEANS EYE-MASKED
AND ‘V’ MEANS VISUALLY IMPAIRED. ‘W’ STANDS FOR ‘WHITE CANE’, ‘S’ FOR OUR PROPOSED WEARABLE SYSTEM ELABRADOR, AND

‘S+W’ FOR BOTH

TABLE IV
QUANTITATIVE RESULTS ON ROUTE 2 IN TERMS OF “NUMBER OF CONTACT WITH OBSTACLES, SUCCESS TIMES, CORRECTION NUMBER, WALKING

SPEED.” IN TOTAL, TEN SUBJECTS, INCLUDING EYE-MASKED AND VISUALLY IMPAIRED INDIVIDUALS, ARE TESTED. ‘M’ MEANS EYE-MASKED
AND ‘V’ MEANS VISUALLY IMPAIRED. ‘W’ STANDS FOR ‘WHITE CANE’, ‘S’ FOR OUR PROPOSED WEARABLE SYSTEM ELABRADOR, AND

‘S+W’ FOR BOTH

3) The collision probability of the semantics is position-
free, which means it is not related to the specific position
of the voxel, but only related to semantics property itself.

Based on the above assumptions, the collision probability of
a grid g is computed as

p(g) =
1∑

h p(g, h)

∑
h

p(s)p(m)p(g, h), (9)

where p(g) is the collision probability of the grid at g; p(g, h)

is the occupancy probability of the voxel at (g, h); p(s) and
p(m) represent the collision probability of semantic s and geo-
metric m respectively; s and m are the semantic and geometric

properties of the voxel at (g, h). Moreover, we ignore the
mathematical proof of Eq. (9) for brevity and provide an
intuitive explanation to understand it: Eq. (9) is the discrete
form of the expectation of p(s)p(m) whose probability dis-
tribution is p(g, h). The p(s)p(m) means that a voxel has a
high collision-probability only if the semantic and geometric
properties of this voxel are both not traversable (high p(s) and
p(m)), otherwise has a low collision-probability.

To compute Eq. (9), the occupancy probability p(g, h) is
directly queried from the 3D semantic map. For the collision
probability of semantic s, each semantic class is assigned a
value ranging from ‘0’ to ‘1’ according to our daily experience
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Algorithm 1 Dir-A∗ for Path Searching With Goal Direction
1: function DIR-A∗(start point: pstart , goal direction: qgoal ,

cost map: Mc)
2: uniformly sample ns target points T on the boundary

of the cost map Mc

3: P ← ∅
4: C ← ∅
5: for each target point ptarget in T do
6: (path, cost) ← ASTAR(pstart ,ptarget ,Mc)
7: cost ← cost + α path_length + β(cos θ + 1)

8: P ← P ∪ {path}
9: C ← C ∪ {cost}

10: end for
11: idx = arg min

i
C[i]

12: return P[idx]
13: end function
14: function ASTAR(start point: pstart , target point:ptarget ,

cost map: Mc)
15: classical A∗ algorithm with cost map Mc.
16: return (path, cost) when the feasible path is found.

Otherwise, return (∅, ∞). ▷ ∞: infinite path cost.
17: end function

as shown in Table II. Moreover, the geometric property is
defined as the height difference between the voxel and the
camera (i.e. m = hvoxel−hcamera). The collision probability of
m is set as ‘1’ if its value satisfies −2 meters ≤ m ≤ 0 meter,
otherwise m is set as ‘0’.

B. Undulation Map Mh

The undulation map Mh is also designed as a 2D grid map
but with binary value. The grids that are taller in height than
their neighboring grids (e.g. the step and curb) are marked
as ‘1,’ and all others (e.g. flat road) as ‘0.’ To create the
undulation map, we first project the 3D semantic map onto the
horizontal plane, transforming it into a 2D grid map. Each cell
in this 2D map represents the height of the highest occupied
voxel within the corresponding vertical pillar, as below:

H(g) = arg max
h
{h;M3D(g, h) = 1}, (10)

where M3D(g, h) = 1 means the voxel at (g, h) is occupied.
Next, Sobel filter is applied to determine the degree to which
a grid’s height value exceeds that of its neighboring grids,
similar to edge detection. Finally, grids with edge degrees
beyond a certain threshold are marked as ‘1,’ while the rest
are marked as ‘0,’ resulting in the undulation map Mh .

APPENDIX B
THE PATH SEARCHING ALGORITHM: DIR-A∗

Path searching is the second step of the walking-path
planning sub-module as illustrated in Section IV-B2. In this
appendix, we describe the algorithm for path searching.

In unfamiliar outdoor environments, only a coarse route
can be obtained from global maps such as Amap or Google
Maps. However, these routes typically lie on driving roads

Algorithm 2 Path Following Algorithm
1: function PF(current location: pcurrent , searched path:

path, cost map: Mc, foresight distance: d f s)
2: idxnear ← arg min

i
∥pcurrent − path[i]∥

3: d ← d f s

4: while True do
5: pnext ← path[idxnear + d/map_resolution]
6: (is_collision, dobs)

7: ← CHECKCOLLISION(pcurrent ,pnext )
8: if not is_collision then
9: break

10: end if
11: d ← dobs

12: end while
13: return pnext − pcurrent

14: end function
15: function CHECKCOLLISION(pstart ,pend )
16: check whether the obstacle between the straight path

of pstart and pend exists.
17: return (True, dobs) when detecting the obstacle in the

straight path of pstart and pend . Otherwise, return (False,
-1). ▷ -1: collision-free identifier.

18: end function

rather than sidewalks, making them unsafe for pedestrian
walking. To address this, we transform the coarse global route
into a series of directional subgoals and design the Direction
A∗ algorithm (Dir-A∗) to do path searching based on these
subgoals.

As described in Algorithm 1, the Dir-A∗ first samples a
set of the target points along the boundary of the cost map
Mc. For each target point, the proposed algorithm searches
an optimal path on the cost map Mc by using the classical
A∗ algorithm. After identifying potential paths, the cost of
each path is evaluated based on three criteria: the map cost,
the path length, and the angle relative to the subgoal direction,
calculated as follows:

costpath = fc(ptarget )+ αd(ptarget )+ β(cos θ + 1), (11)

where ptarget is the sampled target point; fc(ptarget ) means
the accumulation of the map cost from the start point to the
target point; d(ptarget ) represents the distance from the start
point to the target point; θ represents the angle between the
goal direction and the direction from the center of the map to
sampled point; α and β are the hyperparameters to balance the
magnitude of above items. Finally, the planned path is selected
as the path with minimum cost.

APPENDIX C
THE PATH FOLLOWING ALGORITHM: PF

Path following is the last step of the path walking-planning
sub-module as illustrated in Section IV-B2. The Path Follow-
ing (PF) algorithm is designed to acquire actionable walking
direction based on the planned path, the cost map, and the
user’s current location. Its primary goal is to guide the user
walking along the planned path.
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Fig. 9. Illustration of light conditions at different locations along the two
routes. The light conditions are relatively diverse, enabling a comprehensive
assessment of the effects of different systems.

Fig. 10. Illustration of light conditions when different subjects walked in the
same position while using different systems. The light conditions will vary
somewhat as the experiment was conducted on different days for different
subjects.

As shown in Algorithm 2, the Path Following (PF) algorithm
begins by identifying the nearest point pnear to the current
location pcurrent on the optimized path. Starting from pnear ,
the algorithm looks ahead along the path by a foresight
distance of 2 meters to determine the next target point pnext .
A collision-checking mechanism is then employed to detect
obstacles along the straight-line path between pnear and pnext .
An obstacle is defined as any grid with a cost value greater
than 0.9. If no collision is detected, the walking direction is
set as the vector from pcurrent to pnext . If a collision is found,
the foresight distance is reduced to dobs , which represents the
distance from pnear to the nearest obstacle along the straight-
line path.

APPENDIX D
EXPERIMENTAL DETAILS

The detailed experimental results on Route 1 and Route
2 are presented in Table III and Table IV, corresponding to
Fig. 7 and Fig. 8 in the main body. The experimental setup,
including road conditions and testing procedures, has been
described in the main text. Additionally, factors such as the
time of day and lighting conditions during the experiments
are also important, especially for the visual perception module.
Most experiments were conducted between 8 a.m. and 11 a.m.
over a span of 23 days. Each subject completed all routes
on a single day, ensuring consistent lighting conditions for

the same subject. However, lighting conditions varied across
different subjects due to changes in weather. To illustrate
these variations, we have included representative images from
several subjects in Fig. 9 and Fig. 10.
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