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Abstract

The development of a novel depth-data based real-time obstacle detection and avoid-
ance application for visually impaired (VI) individuals to assist them in navigating inde-
pendently in indoors environments is presented in this paper. The application utilizes a
mainstream, computationally efficient mobile device as the development platform in
order to create a solution which not only is aesthetically appealing, cost-effective, light-
weight and portable but also provides real-time performance and freedom from net-
work connectivity constraints. To alleviate usability problems, a user-centered design
approach has been adopted wherein semi-structured interviews with VI individuals in
the local context were conducted to understand their micro-navigation practices, chal-
lenges and needs. The invaluable insights gained from these interviews have not only
informed the design of our system but would also benefit other researchers develop-
ing similar applications. The resulting system design along with a detailed description
of its obstacle detection and unique multimodal feedback generation modules has
been provided. We plan to iteratively develop and test the initial prototype of the sys-
tem with the end users to resolve any usability issues and better adapt it to their needs.

Keywords: Visual impairment, Blindness, Navigation, Obstacle detection, Obstacle
avoidance, Google Project Tango, Assistive technologies

Introduction

According to the World Health Organization (WHO), 285 million people are estimated
to be visually impaired (VI) worldwide, of which 39 million are blind and 246 million
have low vision [1]; these numbers are projected to steadily increase in the coming years
(2, 3].

Navigating independently in an indoors environment is a major challenge for VI indi-
viduals—the inability to do so causes them frustration, undermines their confidence and
autonomy and poses a serious risk to their physical safety [4—7]. In particular, lack of
access to visual information about obstacles and temporary barriers in their paths sig-
nificantly hinders their capacity to navigate not only in unfamiliar surroundings but even
in environments which they traverse on a regular basis [8—10]. White canes, guide dogs
and human companions are typically utilized to assist in detecting and avoiding obsta-
cles. However, the white cane is highly conspicuous, has limited reach dependent on its
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length, cannot sense obstacles above the waist level, requires contact with obstacles in
order to sense them (which may be impractical or undesirable—e.g., for detecting peo-
ple or fragile objects) [4, 11, 12] and may not be usable by VI individuals suffering from
additional disabilities which deplete their strength and impair their motor skills [13];
also, individuals with low vision tend not to use a cane for detecting nearby obstacles
[14]. Guide dogs are costly, require protracted training and need proper care which VI
individuals, especially aged ones, may find hard to provide [11]. A sighted companion
may give extraneous, ambiguous or incorrect directions because of a lack of knowledge
and understanding of how VI people navigate [15] and it may not be possible or desir-
able for such a human aide to be available at all times (indeed, according to a recent
report, 26% of blind adults in the United States live alone [16, 17]).

Several assistive systems based on various sensor technologies, have, therefore, been
proposed in recent years to support VI people in obstacle detection and avoidance dur-
ing navigation. Among these, infrared-enabled depth sensor-based and computer vision-
based systems on mobile devices have emerged as some of the most promising solutions
[18-23]; however, both these kinds of solutions incur high computational costs. Given
the current limitations of mobile platforms in terms of both the processing power and
the battery life required to support real-time execution of computationally intensive
code for extended periods, most of these solutions use the mobile device simply as a
input/output frontend while all the actual processing of the data is done on a remote
server equipped with powerful processors. This, in turn, leads to additional constraints
and challenges: the user’s device has to be connected to a remote system, the inevita-
ble communication overhead may negatively affect the real-time performance and the
absence of or failure of a network connection would render the system useless (network
connectivity is an even more pertinent issue in developing countries where 90% of the
VI population resides [1, 24, 25]). Moreover, the sensor modules utilized by many of
these systems are not designed to be wearable or handheld; employing makeshift meth-
ods to affix these to various body locations has resulted in awkward bulky contraptions
unlikely to be practically adopted by VI individuals who prefer assistive technologies to
be provided on mainstream, or at least unobtrusive, devices to alleviate physical incon-
venience [10] and facilitate social acceptability [26—29]. Last, but not least, instead of
directly consulting with VI individuals to assess their navigation support needs prior
to system design, the developers of most of these systems have simply relied on com-
mon perceptions about these needs held by sighted people [9] which may be erroneous
and insufficient due to stark differences between the cognition and mental models of the
sighted and VI [15, 30, 31]. Consequently, these solutions suffer from myriad usability
issues as their interface designs and functionalities do not meet the unique needs and
expectations of the target users [32]. Thus—to summarize—currently such systems fall
short in terms of network independence, local computational efficiency necessary for
real-time (and thus, practicable) feedback about approaching obstacles, physical con-
venience, social acceptability and ease of use.

The Project Tango Tablet Development Kit [33] is a 77 Android tablet, equipped with
various sensors which allow it to track its motion, determine its position and orientation
and learn the areas it is travelling through. Its integrated infrared based depth sensors
enable it to measure the distance from the device to objects in the real world providing
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depth data about the objects in the form of point clouds [34, 35] while its powerful
NVIDIA Tegra K1 processor can perform expensive computations in real-time on the
device itself without the need to connect to an external server or rapidly draining the
battery. Also, being compact, lightweight, relatively discreet and affordable renders it
aesthetically appealing, socially acceptable and accessible for VI users [24]. These con-
siderations have motivated us to use this platform to design and develop an application
to assist VI users in detecting and avoiding obstacles in their path during navigation in
an indoors environment.

To ensure that our solution would meet the needs of real users and to minimize usa-
bility problems, we decided to adopt a user-centered design (UCD) approach, which is
characterized by involving the users in every phase of the development process [36].
This paper, therefore, presents an exploratory study based on semi-structured inter-
views conducted with VI individuals in Riyadh, Saudi Arabia to uncover the challenges
faced by them in detecting and avoiding obstacles and to identify the requirements for a
mobile application that would assist them in micro-navigation indoors. The study results
have been used to inform the design of a micro-navigation application for the VI based
on the Tango platform. The initial design for the system, detailing the obstacle detection
and feedback mechanisms, has also been presented in this paper. We plan to continue
involving the target users in the iterative design, prototyping and evaluation process to
ascertain that the final product is usable and meets their needs and expectations.

The research contributions of our work are threefold: the invaluable insights into the
micro-navigation practices, challenges and preferences of VI individuals gained from
interviews conducted with the actual targeted users, which have not only informed the
design of our system but would also greatly benefit other researchers developing simi-
lar assistive micro-navigation applications for VI people; the design of a novel real-time
assistive stand-alone application on a cutting-edge mainstream (thus, socially accept-
able) high-performance power-efficient mobile device, which utilizes depth sensor data
in an innovative manner to allow VI users to detect and avoid obstacles independently
during navigation in possibly unfamiliar indoor environments; the creation of a unique
multimodal user interface, developed in accordance with VI users’ preferences, which
employs audio and vibration cues to convey obstacle warnings and navigation instruc-
tions to the user.

The rest of the paper is organized as follows: The “Related work” section provides an
overview of existing infrared-enabled depth sensor-based micro-navigation systems for
the VI as well as previous user requirements collection studies for navigation systems
for the VI. The “User requirements elicitation study” section describes the exploratory
study conducted with VI users in the local context. The “System design” section presents
the assistive obstacle detection and avoidance system designed in accordance with the
preferences expressed by the users in the exploratory study. The “Conclusion and future
work” section specifies some directions for future work and concludes the paper.
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Related work

To concretize our system concept and to formulate our exploratory study, we first
researched existing work on infrared-enabled depth sensor-based micro-navigation sys-
tems for the VI as well as previous user requirements collection studies for navigation
systems for the VI. An overview of the literature in these two areas is provided below.

Infrared-enabled depth sensor-based micro-navigation systems for the VI

In recent years, several technologies embedded with infrared-enabled depth sensors
capable of extracting 3D information about the environment (e.g., Microsoft’s Kinect
[37], Occipital’s Structure Sensor [38], and, most recently, Google’s Project Tango Tablet
Development Kit [33] and Tango-enabled smartphones [39, 40]) have become available
at increasingly affordable prices; this has led to their being utilized for the development
of various assistive micro-navigation systems for the VI. These solutions offer the advan-
tages of being affordable, discreet and unobtrusive (since infrared light is invisible to the
naked eye), and being able to operate in low illumination environments [13, 41]. How-
ever, such systems can detect objects only within a certain range and their performance
may be negatively impacted by interference from other infrared sources, such as sunlight
or fluorescent light [13].

Recent development work on obstacle detection has specially focused on Kinect,
either utilizing the data from its depth sensor alone [42—45] or from both its RGB and
depth sensors [12, 46]: for example, Khan et al. [47] divide the depth image of the scene
obtained from a waist-mounted Kinect sensor into 5 x 3 regions, calculate a depth met-
ric for each region and instruct the user to go in the direction with the smallest probabil-
ity of an obstacle. Filipe et al. [43] extract six vertical line profiles at pre-defined locations
from depth images acquired from a chest-mounted Kinect sensor, classify them using a
feedforward neural network with back propagation and inform the user about the loca-
tion of any obstacles found in terms of right, left and center. Huang et al. [45] determine
the ground height threshold from the depth image obtained from a Kinect sensor affixed
on the user’s helmet, chest or waist, utilize it to detect descending stairs, then remove
the ground plane, apply a region growing approach to label different objects and analyze
the labelled objects to determine if any of them are ascending stairs; the user is informed
via audio about how far he is from any obstacles in his path; if stairs are detected, the
direction and distance to the stairs is conveyed. Liu et al. [48] apply a multiscale voxel
plane segmentation method on the 3D point cloud data obtained from a chest-mounted
Kinect sensor to extract planar structures, then remove the ground plane and use an
area growing algorithm to segment all the non-ground regions into independent clouds
which are regarded as generalized obstacles. The area in front of the user is then divided
into three cuboids (left, center and right) and a multi-level voice feedback strategy is
employed to generate warnings and avoidance instructions for any detected obstacles.
Brock et al. [44] down-sample the depth data from a Kinect sensor hung from the user’s
neck and split it into isolated structures, representing obstacles, at different depth levels
using the marching cubes algorithm. The 3D location of the obstacle is then sonified so
that the horizontal position, vertical position and distance from the user are encoded by
the panning position, pitch and volume of the sound, respectively. Bernabei et al. [49]
detect the floor based on the depth data acquired from a waist-mounted Kinect sensor
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and then simultaneously analyze the volume in front of the user to determine if there
is sufficient room for him to move without colliding with an obstacle and the output
from a wearable accelerometer to establish if the user is walking and if so, at what speed.
Speech-based instructions are given for obstacle avoidance and sonification is used to
convey the obstacle’s location and distance from the user. The data processing for the
above systems is done on portable devices such as laptop computers [44, 45, 47], mini-
PC processor [48] and smartphones [49] while the audio feedback is provided via Blue-
tooth headphones [44, 47, 48], laptop speakers [45] or smartphone speakers [49].

Some Kinect-based solutions have opted for tactile—instead of audio—feedback: Zoll-
ner et al. [42] mount the Kinect sensor on the user’s head and put vibe boards on the
left, right and center of the user’s waist to indicate the direction in which an obstacle was
detected; if the pixel area of the depth window moved over the depth histogram of the
current frame exceeds a certain threshold area, the average depth value of the window
is mapped to the pulse of the appropriate vibe board. Mann et al. [50] affix an array of
six vibrating actuators inside a helmet, mount a Kinect sensor on top, divide its depth
sensing region into six zones, calculate a distance map of the depth image and make
the vibration of each actuator inversely proportional to the distance of its corresponding
zone to create the sensation of objects in the visual field pressing against the forehead
before collision occurs—the sensation increases in strength as collision becomes more
imminent.

All the above systems detect obstacles in general. However, a few other Kinect-based
solutions focus on detecting specific obstacles such as staircases and traffic [51-53].
Data from Kinect has also been combined with other modalities such as ultrasonic and
sonar for obstacle detection [54, 55].

Since the Kinect sensor module is not designed to be wearable or handheld and the
data captured by it needs to be sent to an external server for processing, solutions based
on it suffer from the lack of aesthetic appeal, network connectivity issues and real-time
performance challenges mentioned previously in the “Introduction” section.

The Project Tango tablet appears to have a distinct advantage over Kinect in terms
of aesthetic appeal, on-board handling of significant compute workloads, and being
equipped with several additional embedded sensors and in-built functionalities, which
can be utilized for extending and improving the obstacle detection application in the
future, thus, making it an attractive platform for developing assistive obstacle detection
and avoidance solutions for the VI. It should be noted that a few preliminary applica-
tions for the Tango tablet have already been proposed for this purpose: The system pre-
sented by Anderson [56] collects depth information about the environment, saves it in
a chunk-based voxel representation, and generates 3D audio for sonification relayed to
the VI user via headphones to alert him to the presence of obstacles. Wang et al. [57]
cluster depth readings of the immediate physical space around the users into differ-
ent sectors and analyze the relative and absolute depth of different sectors to estab-
lish thresholds to differentiate among obstacles, walls and corners, and ascending and
descending staircases; users are then given navigation directions and information about
objects using Android’s text-to-speech (TTS) feature. Lock et al’s [58] navigation system
includes an obstacle detection component which utilizes the depth sensor data to detect
any approaching obstacle (details of the detection process have not been provided) and
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communicates its distance to the user by adjusting the vibration intensity; a co-adapta-
tion module will eventually be added to the system to adjust the feedback parameters
according to the user’s skill levels. Munoz et al. [41] focus on detecting staircases: their
system preprocesses RGB images and depth data from a chest-mounted Tango tab-
let, applies additional geometric constraints to identify staircase candidates, classifies
them using an SVM-based classifier as upstairs, downstairs or negatives and provides
feedback such as directions and distance to the staircase via TTS (voice commands are
received from the user via a speech-to-text (STT) module). Jafri et al. [59] utilize the
Tango Unity SDK to create a 3D-reconstruction of the surrounding environment based
on the tablet’s depth data and associate a Unity collider box with the user; audio alerts
are relayed to the user via bone conduction earphones whenever the collider box comes
in contact with the reconstructed mesh (steps are taken to ensure that the ground does
not trigger obstacle warnings). All these applications need further development and are
yet to be tested with the target users.

Li et al’s [60] indoor assistive navigation system has an obstacle detection component
that de-noises the point cloud data, de-skews it to align it with the horizontal floor plane,
and projects it in both the horizontal and vertical directions. The vertical projection
detects in-front and head-height obstacles locally while the horizontal projection is used
to update obstacle information in a global 2D grid map maintained by the application.
The Android TTS module is used to convey the obstacle detection results and navigation
directions while a beeping alert sound signals the distance to the obstacle. The system is
reported to have been tested with blindfolded and blind subjects. However, details about
the number of subjects and the data collection procedure and an in-depth analysis of the
users’ performance have not been provided.

None of the Tango tablet-based systems mentioned above has been developed by fol-
lowing a user-centered design approach consistently from the early product develop-
ment phases, i.e., VI users have not been involved in the requirements collection, design
and initial implementation of the system. Also, unlike our system, none of them appear
to combine audio and vibration to provide feedback about the obstacles and directions
to avoid them.

User requirements collection studies for navigation systems for the VI

Most of the systems mentioned above focus on technical aspects and were designed
without prior consultation with the end users themselves to understand their perspec-
tive which caused them to suffer from several usability and interaction issues [32]. Since
it is becoming increasingly apparent that user involvement in assistive technology design
and development is imperative for ensuring its usability and eventual acceptance by the
target users, recently, a handful of studies have been conducted in which VI individuals
were directly approached to elicit their navigation needs and identify any major chal-
lenges that may be alleviated by electronic technology-based solutions as a prelude to
developing assistive navigation solutions. For example, Sdnchez and Elias [61] inter-
viewed blind students and mobility and orientation experts in Santiago, Chile about the
challenges faced by blind children when navigating in indoors environments to derive
some guidelines for developing navigation software for blind individuals in general
and blind children in particular. Quinones et al. [10] interviewed blind and low vision
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individuals both in the USA and South Korea about their way finding techniques and
challenges and use of assistive tools to gather their information and technology needs
in order to inform the design of a system for providing landmark information to people
with visual disabilities. Miao et al. [62] interviewed blind users, a mobility coach and a
sighted person (who performed indoors navigation tasks while blindfolded) to elicit user
requirements for the functionality, usability and route descriptions of an indoor navi-
gation application. Burigat and Chittaro [9] interviewed disabled students (mostly with
motor or visual impairments) at a university in Italy about their navigation challenges,
information needs and mobile technology use within university buildings in order to
derive design implications for mobile navigation and information services for disabled
students. Paredes et al. [8] interviewed low vision and blind individuals about their assis-
tive technology use for mobility and the obstacles and barriers frequently encountered
by them to gather requirements for an assistive navigation system. Williams et al. [15]
conducted focus groups with VI individuals, observed VI participants during independ-
ent navigation tasks and observed blind participants navigate real environments with
sighted companions; this enabled them to identify navigation challenges as well as com-
mon misperceptions held by sighted people about the guidance information needed
by the VI and to infer several design considerations for future navigation technology.
We came across only one study [63] in the local context, i.e., in Saudi Arabia, in which
an online survey was conducted with VI users from the online Twitter community fol-
lowed by semi-structured interviews with participants from a local organization for the
VI to elicit several requirements and design implications for the development of indoor
mobile navigation systems for the VI.

Some other studies with VI users, though exploring a broader range of issues, have
also elicited some requirements related to their navigation needs and interface prefer-
ences. For example, Hamilton-Fletcher et al. [64] briefly trained low vision and blind
users to use three sensory substitution devices and then interviewed them to gain some
insight into the limitations and benefits of such devices for improving their everyday
lives; identifying a variety of obstacles was highlighted as one of the most desired practi-
cal functions.

All of the above studies concentrated on navigation in general rather than obstacle
detection and avoidance in particular. Also, several of them limited their focus to very
specific contexts (e.g., a particular building type [9]). This highlights the need to con-
duct further studies with VI users which focus on thoroughly investigating issues related
to obstacle detection and avoidance in particular in a variety of environments. Further-
more, the dearth of such studies in Saudi Arabia (we were able to find only one such
study [63]), especially given the lack of assistive tools and adapted environments sup-
porting the VI in this region [63], delineates the necessity for more research with VI
users in the local context pertaining to this task.

The usability issues plaguing existing systems, the valuable insights into the navigation
needs and interface design preferences of VI individuals provided by the above studies
and the lack of such studies focusing on micro-navigation in the local context convinced
us of the necessity of formulating our own exploratory study to gather feedback from
local users about their micro-navigation practices and challenges to inform the design
of our proposed system. We will refer back to the insights of the previous studies when
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reporting the results of our own exploratory study with VI users accentuating the simi-
larities as well as any differences among them. Furthermore, the appropriateness of the
Tango tablet for assistive technology deployment (as explained in the “Infrared-enabled
depth sensor-based micro-navigation systems for the VI” section) and the limited utili-
zation of this platform so far for the obstacle detection and avoidance task has motivated
us to select this platform for our development work.

We proceed to describe the exploratory study in the next section. The design of the
proposed micro-navigation system based on the Tango tablet will be presented in the
subsequent section.

User requirements elicitation study

A study was conducted with VI individuals from the local community in order to gain
some insight into their electronic device use and current micro-navigation practices and
challenges as well as to obtain their feedback about the usefulness, desired functionali-
ties and interaction design of the proposed system. A semi-structured interview method
was selected to conduct the study since it allows direct contact and interaction with the
users, is broadly replicable but yields rich and complex information related to individual
users’ perceptions and opinions and can be accomplished within a reasonable amount of
time with limited resources [8, 36].

The interview was structured around the following six main topics: (1) basic demo-
graphic information and visual impairment history of the participants, (2) their elec-
tronic device use, (3) their electronic and non-electronic navigational aid use, (4) their
obstacle detection challenges, (5) their preferences for the interface design of a mobile
micro-navigation application and (6) their impressions and suggestions for the proposed
system.

The following sub-sections explain the methodology for conducting the study, report
the results of the interviews, discuss the findings and recommendations generated based
on the results and explicate how these were used to inform the design of the proposed
system.

Methodology

Participant recruitment and interview sessions

Semi-structured interviews were scheduled with ten VI participants who were recruited
via the Disability Center located in the College of Education, Girls’ Campus, King Saud
University (KSU), Riyadh, Saudi Arabia.

The interviews were conducted in-person and on-site at the Disability Center to mini-
mize any inconvenience to the participants in terms of time and transportation and to
provide a familiar environment in which they would feel comfortable and at ease. For
each participant, the goals of the study were explained and formal consent for participat-
ing in the study was obtained by having her sign a consent form.

Pre-planned questions about the six topics mentioned previously were asked in an
informal manner allowing the participants to express their opinions and volunteer fur-
ther information if they so desired. Any dubious points or unanticipated responses were
further examined by additional follow-up questions. The interview session lasted for
about an hour. The interviews were conducted over a period of 2 weeks.
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Table 1 Demographic information of participants

ID  Agerange (years) YearinBachelors’ Degree of visual Congenitally VI?  Financial support
program impairment from government?
V1 18-25 Senior Lv Yes Yes
Lv2  18-25 Junior Lv No Yes
V3 18-25 Sophomore A% Yes Yes
Lv4 18-25 Junior LV Yes Yes
V5 18-25 Senior Lv Yes Yes
V6  26-35 Sophomore Lv Yes Yes
BL1 18-25 Sophomore BL No Yes
BL2 18-25 Sophomore BL No Yes
BL3 26-35 Junior BL Yes Yes
BL4 18-25 Sophomore BL Yes No

LVextreme low vision with some color and light perception, BL blind

Data collection, processing and analysis

Though it would have been desirable to video record the sessions facilitating facial
expression analysis later if needed, deference to cultural norms made this infeasible. All
participants also declined having the sessions audio-recorded.

The participants’ responses were, thus, recorded manually by taking notes. For closed
questions with a limited range of response options, the answers were aggregated across
all participants and converted into percentages using the SurveyGizmo tool [65]. For
open-ended questions, the answers were examined manually, positive and negative com-
ments were separated, and similarities as well as disparities among the opinions and sug-
gestions about the system were noted. The aggregated results were examined to discover
any emerging patterns and/or correlations among various factors. The results were used
to develop findings and recommendations to inform the design of the proposed system.

Results
The responses of the participants for the six main interview topics are compiled and

summarized below.

Demographic information
All ten participants were female, undergraduate students at KSU between the ages of
18-35 years. All of them did not have any disabilities other than visual impairment.
Table 1 shows their ages, undergraduate study year, degree of visual impairment,
whether they were congenitally VI and if they receive any government support for their
disability. Four were blind (BL) while the remaining six had extreme low vision (LV) with
some light and color perception. The LV participants reported varying levels of residual
visual perception: LV2 had no vision in one eye while the other eye was normal; LV5
could not decipher text such as room numbers or building names; LV1, LV3, LV4 and
LV6 could not discern details such as facial expressions; LV3 mentioned not being able
to see in environments where the intensity of light is very high or very low.

Seven of the participants were VI from birth while others became VI later in life.
The causes of visual impairment included genetic factors, various diseases and medical
errors.
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All participants except BL4 received financial support from the government mainly
through the Comprehensive Rehabilitation Center under the Ministry of Social Affairs
[66] in Saudi Arabia in the form of cash or assistive devices. Two of the participants
mentioned that another well-established regional hospital, King Khaled University Hos-
pital [67] could also provide special devices upon request.

Electronic device use

The purpose of this part of the interview was to determine the participants’ familiar-
ity and level of expertise with electronic devices, the type and cost of devices currently
being used by them, the most frequently performed tasks on these devices and the fac-
tors that they deem the most important for selecting and adopting a device.

All participants used smartphones daily while seven of them had also either tried out
a tablet device or owned one. Only BL3 mentioned that she owned additional devices,
namely, a laptop computer and an electronic note-taker (a portable device that uses
braille or standard keyboard to help take notes in a class [68]). All smartphones and tab-
lets were Apple iOS-based [69]—only LV2’s smartphone was Android-based [70]. The
cost of the devices ranged from 650 to 800 USD for all participants excepting three for
whom this exceeded 800 USD.

The most frequent tasks performed by all participants using these devices were mak-
ing phone calls, browsing the web and social networking. Three participants (2 BL, 1 LV)
also used their smartphones for navigation in outdoor environments using the embed-
ded global positioning system (GPS) receiver whereas one LV participant used the GPS
only for locating places without navigation.

The most frequently mentioned important factors which influence the preference of
one device over another were: availability of an embedded screen reader service (90%),
availability of accessible utilities to interact with the device (60%), ease of learning to use
the device (60%), and ease of carrying the device (50%).

Navigation aid usage

This part of the interview explored which traditional and electronic navigation aids, if
any, were currently being used by the participants in indoor environments and what
problems were experienced using these aids. It also probed into how often they ventured
outside their homes unaccompanied, how willing they were to adopt a new electronic
travel aid and what their projections were about the impact of such an aid on their inde-
pendent navigation practices.

Regarding traditional aids, two LV participants did not use any such aids for indoor
navigation. Of the remaining eight, the majority used a human guide while only two used
a white cane (Fig. 1). The main shortcomings mentioned for the white cane were its ina-
bility to warn about obstacles which are distant or above the waist-level and its requiring
contact with an obstacle in order to sense it. LV6 also mentioned that it limits her walk-
ing speed and produces irritating sounds when walking on a rough surface thus drawing
unwanted attention from passersby. The main limitations mentioned for a human guide
were dependency on others and the guide’s failure to warn about approaching obsta-
cles; a couple of participants (BL3 and LV6) also mentioned that this limits their walking
speed and draws attention to their being VI.
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. mBL
no aid =LV
white cane
human guide
0 1 2 3 4 5 6
participant count
Fig. 1 Traditional navigation aid usage

Table 2 Aggregated count of participants’ ratings of the difficulty of detecting various

obstacles
Obstacle Difficulty of detection
Very easy Easy Neutral Difficult Very difficult

Ascending stairs 5 1 0 2 2
Descending stairs 2 1 4 1 2

Moving obstacles 5 0 1 0 4

Very small obstacles 1 0 1 0 8

Walls 7 0 2 0 1
Chairs/tables 3 1 6 0 0

People 5 3 0 1 1

When asked about their degree of satisfaction with their current navigation aid, for
both the white cane and the human guide, half of the participants indicated that they
were satisfied while half of them remained neutral.

None of the participants were currently using any electronic aids for indoor navigation.
However, two participants, LV1 and BL3, mentioned that they tested two smartphone
navigation applications—for obstacle detection and navigation, respectively—developed
by students at the Computer Science department at KSU. LV1 also participated in the
one-time testing of some navigation and localization aids available in the College of Edu-
cation at KSU. BL3 mentioned that she was aware of some navigation aids available in
the Apple store [71] but that they were too expensive for her to purchase.

All participants went out alone regularly in familiar environments but always asked a
human guide to accompany them in new/unfamiliar environments.

When asked if they would be likely to go out alone more often if they had an effective
application/electronic device which would assist them in obstacle detection and naviga-
tion, nine of the participants replied in the affirmative while only one (LV5) expressed
some reservations indicating that she would consider this if and only if she was certain
about the accuracy of the electronic aid’s functions.

Challenging obstacles

This part of the interview aimed to discover which obstacles the participants found the
most difficult to detect and avoid. Table 2 shows how the participants rated various kinds
of obstacles. Very small obstacles, moving obstacles and descending stairs were rated as
the most challenging to detect overall while walls and people were rated as the easiest.
Some differences were observed based on whether the participant used a navigation aid
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or not and also the type of the aid. Participants using the white cane rated moving obsta-
cles and people as the most challenging and descending stairs and walls as the easiest
to detect. Those using a human guide ranked very small obstacles and descending stairs
while those who did not use a navigation aid rated very small obstacles and sill on the
floor as the most difficult to detect.

Some additional challenging obstacles mentioned by the participants were poles, recy-
cling bins, sill on the floor, and children.

User interface preferences for a mobile micro-navigation application

This part of the interview aimed to investigate the input and output modalities the par-
ticipants would prefer for interacting with a mobile micro-navigation application and
sought their opinions about the format, extent and frequency of the feedback provided
by such a system.

Input preferences When presented with three options to provide input to the system—
speech, touch or a combination of both (with the possibility to select either one)—, 80%
of the participants chose the combined option. The reasons given were that such a model
would balance the tradeoffs for both modalities—touch would be preferable for com-
mands that need to be executed quickly while speech would be preferable to give more
precise commands that do not require instant execution; touch is more discreet and
would be preferable in public places while speech would be more convenient in private
spaces.

Participants were further probed about their past experience and satisfaction with
both these modalities as well as format preferences for the speech input. Their responses
are summarized below:

A. Speech input All participants had used the embedded input speech services in their
devices. The most popular services were Apple’s Siri [72], iPhone keyboard voice dic-
tation [73] and WhatsApp [74] speech-to-text services. The level of visual impairment
seems to affect the frequency of use of these services: the majority of the LV participants
rarely used them while half the blind participants used these often. Most participants
utilized the speech input for text messaging and interacting with recreational apps while
a couple of them employed it for web searching and one blind participant used it for ini-
tiating phone calls.

As shown in Fig. 2, only 40% of the participants were satisfied with the speech input
services, 40% were neutral and 20% were dissatisfied. The dissatisfaction arose from the
software not recognizing the Arabic language input correctly, the requirement of enun-
ciating the commands slowly and clearly, the interference of environmental sounds with
the speech and the incompatibility of some apps with the speech services.

When asked if they would prefer to input configuration commands to the assistive
mobile application using short sentences (e.g., “Change to vibration mode”) or single
words (“Vibration”), 60% chose the former claiming this format would be less ambiguous
while 40% opted for the latter opining that it would enable faster delivery and interpreta-
tion of commands.
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B. Touch input All participants were familiar with touch input with 90% of them using
it frequently. Tasks included writing, searching, making calls, browsing the internet and
opening apps.

All participants were satisfied in general with the touch input though some com-
plained that it occasionally causes their devices to slow down or stop responding. BL1
and LV4 also mentioned that it is difficult to distinguish among buttons while BL3 com-
mented that a touch model requires a training phase especially for first-time VI users.

Output preferences  Similar to the input, most of the participants (70%) preferred a com-
bined audio and touch model—as opposed to audio-only or touch-only—for the output.

Participants were further probed about their past experience, satisfaction and format
preferences for both these modalities as well as their combination. LV users were also
asked if they would like to receive some coarse visual feedback. The responses are sum-
marized below:

A. Audio output Since audio output can be provided in two forms, speech or beeps/
tones, the participants were asked about which format they would prefer. As shown in
Fig. 3, the majority opted for a combination of speech and beeps. However, the major-
ity of the blind (3 out of 4) chose the combination while the LV ones were equally split
among the three options (i.e., speech-only, beeps-only, speech and beeps). Further
responses regarding these two audio forms are reported below.

Speech-only output All the participants had experience with text-to-speech technol-
ogy through iPhone VoiceOver service [75]. They were questioned about their prefer-
ences for the speech type (automated or human), language (Arabic, English or both)
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and navigation directions’ format (short sentence (e.g., “Turn right”), single word (e.g.,
“Right”), or clock directions (e.g., “1 o’clock”)). The participants were split equally in
their speech type preferences with half choosing automated speech and the other half
favoring a human voice; however, this preference appeared to be affected by the level
of visual impairment with most of the LV participants choosing automated and most
of blind participants choosing human speech. Half the participants preferred Arabic-
only while the other half favored both Arabic and English. Among the speech formats,
as shown in Fig. 4, short sentences were preferred by most followed by single words and
finally, clock directions (the participants cited novelty and more precise description of
directions than only the cardinal ones as reasons for choosing this format).

When asked if they would like to receive speech-based obstacle warnings in addition
to navigation directions, the majority responded positively (Fig. 5). Among these, half
preferred an obstacle warning consisting of a short sentence indicating the location of
the obstacle relative to the user (e.g., “obstacle in front”) while the rest wanted the dis-
tance of the obstacle to be reported in addition to this warning (e.g., “Obstacle in front
at 1 m/4 steps”). Furthermore, all participants indicated that if the distance is reported
by the system, they preferred it to be specified in steps, as opposed to meters (this is in
accordance with the findings from some other studies [32, 63]). They all also agreed that
they would like the system to explicate the type of the obstacle (e.g., chair, pole, bin, etc.).

Note that all blind participants wanted to receive speech-based obstacle warnings in
addition to navigation directions while most of the LV participants (66%) believed that
navigation directions were sufficient.

Beeps-only output The following feedback scheme based on beeps was described to
the participants to clarify how such output may be utilized for obstacle warnings and
navigation: beeps in the right ear, left ear and both ears indicate an obstacle on the left,
right and center, respectively, of the area in front of the user; no beep in both ears indi-
cates that the path directly in front of the user is clear (i.e., no obstacles).

Page 14 of 30
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Two techniques were suggested to warn a user that he/she was getting closer to a
detected obstacle: (1) increasing the beep frequency, (2) increasing the beep volume. As
shown in Fig. 6, 70% of the participants approved of the frequency method and only
10% strongly disapproved of it. On the other hand, though 50% approved of the volume
method, 40% strongly disapproved of it asserting that the increased volume would draw
attention in public places causing embarrassment and would also be irritating for the
ears since the user would be wearing headphones.

In the suggested feedback scheme, the beep constitutes an obstacle warning. However,
the participants were asked if they thought it should indicate navigation directions to
avoid obstacles instead (e.g., beep in the right ear should mean “Bear towards the right”).
60% (3 BL, 3 LV) replied in the affirmative while the remaining 40% (1 BL, 3LV) did not
(note the differences between the blind and LV participants: most of the blind favored
this option while the LV were split equally on this issue).

Two participants also pointed out such a feedback scheme is not acceptable in gen-
eral since it requires the user to wear headphones which would block out environmental
sounds which constitute essential contextual/situational awareness cues for the VI.

B. Touch (vibration-based) output 90% of the participants indicated that they would
like to receive a vibration-based warning for detected obstacles. They all concurred
that a high vibration frequency should indicate nearby obstacles while a low frequency
should denote far-off obstacles.

C. Hybrid (audio + touch) output Participants were then asked to rate different com-
binations of audio and vibration-based outputs for conveying navigation directions and
the distance to the obstacle. The highest ranked combination, approved by 90% of the
participants, utilizes speech for navigation directions and vibrations for the distance to
the obstacles while the lowest rated one uses speech and beep volume, respectively, for
these tasks.

D. Visual output (for LV users) Since mobile devices are usually equipped with a visual
display screen, participants with some residual vision were asked if they would like to
receive coarse visual feedback on the screen depicting the locations of detected obstacles
and their distances from the user. Distances could be represented either by varying the
light intensities (the closer the obstacle, the darker it will appear) or by different colors
(e.g., from closest to farthest: red, orange, yellow, green, blue). Three of the LV partici-
pants selected the light intensities option and two chose the colors’ one. However, the
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remaining LV participant rejected the visual feedback option asserting that even though
she could differentiate among various colors, she did not want any visual feedback since
it is very difficult to distinguish among colors or intensities on a mobile device screen.
One other participant, though she had chosen the intensities option, also stated that she
would rather have vibration-based—instead of visual—feedback.

E. Frequency of receiving feedback Since one major concern when designing an assis-
tive device for the VI is not to overwhelm the user by providing too much information,
the participants were asked if they wanted to receive feedback from the system only
if an obstacle was detected or at regular intervals regardless of whether an obstacle is
detected, where the intervals are determined by either time (every few seconds or min-
utes) or distance (every few meters or steps). The majority indicated that they would
want feedback only if an obstacle was detected; of the remaining 4 (2 BL, 2LV), the two
blind participants chose the distance intervals while the two LV ones chose the time
intervals for receiving feedback (Fig. 7).

When asked at what distance from an obstacle should the feedback about it start
being provided, 40% of the participants chose 1 m while the remaining were split equally
among the following three options: <1 m, 2 m and 3 m. Note that most of the blind par-
ticipants (3 out of 4) selected 1 m.

Impressions and suggestions for the proposed system

This part of the interview aimed to gather the participants’ initial impressions of the
Tango tablet, their preferences for carrying it (held in their hands or worn on their bod-
ies), and their opinions about the extent to which a device’s dependency on an internet
connection affects their acceptance and adoption of it.

A brief description of the Tango tablet and the proposed obstacle detection and avoid-
ance application was provided to the participants and they were allowed to handle the
device to get an idea of its weight and physical dimensions.

Four participants preferred to hold it in their hands while the remaining six favored
wearing it on their body (Fig. 8). There is a clear divide between the blind and LV partici-
pants here with most of the blind participants gravitating towards the hand-held option
and most of the LV ones towards the wearable one. One participant mentioned that she
would actually like to have both options available so she can select the most appropri-
ate one according to her situation and environmental context. When those choosing the
wearable option were questioned further about which body location they would pre-
fer, four opted for the waist, one indicated the chest while one chose the head. Some
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justifications provided for these choices were that on the waist, the tablet’s camera will
be more accurately aligned with the direction in which the user would be facing; fur-
thermore, some participants expressed concerns that placing the tablet on the chest area
may have harmful effects on their health.

Seven of the participants deemed it very important for the application to run entirely
on the device without having to connect to the internet, one stayed neutral while the
remaining two remarked that connecting to services on the internet would be acceptable
only if it would significantly improve the application’s results.

Though all the participants were satisfied with the tablet’s weight purporting that
it was light enough to carry around easily, almost all of them preferred its size to be
smaller. Since the Tango platform is being made available on other mobile devices with
smaller form factors (e.g., the recently introduced Lenovo Phab 2 Pro [39] and Asus
Zenfore AR [40] smartphones), moving our application to these smaller devices in the
future may address this concern.

Discussion of results and design recommendations

Observations about electronic device and navigation aid use

Some general observations based on the interview results for electronic devices and nav-
igation aid use, along with their implications for our system, are highlighted below:

The results for the electronic device use indicate that all participants use smartphones
and most use tablets frequently revealing their familiarity with mobiles devices, even
though the use is mostly limited to communication tasks (the prevalence of mobile
phone usage by the VI has been reported by several other studies as well, both locally and
internationally [8, 9, 63]). However, the majority does not own or use dedicated assistive
electronic devices. This finding is consistent with previous studies which reported that
VI individuals prefer not to carry additional devices (because this is physically incon-
venient [10]) or use special devices (since such tools are usually costly, conspicuous and
draw unwanted attention [28, 61]). This reinforces the need to develop assistive applica-
tions on mainstream devices—as is the case with our system which will be launched on
a consumer-level tablet device; since the Tango platform is rapidly being integrated into
other typical mobile devices (e.g., smartphones), the system could eventually be ported
to these if the user so prefers. The results also show that the participants already own
electronic devices in a price range of 650 USD-800 USD and most of them also receive
financial support from the government for purchasing assistive tools implying that assis-
tive solutions developed for mobile devices in this range, such as the Tango tablet, would



Jafri and Khan Hum. Cent. Comput. Inf. Sci. (2018) 8:14 Page 18 of 30

not be beyond their financial reach. Most of the devices currently being used by the par-
ticipants are iOS-based and it would be recommendable to use the same platform for
further development in order to save the users the time and effort to familiarize them-
selves with a new operating system. However, in our case, our system is constrained
to Android devices since this is the platform on which Tango is currently available. It
should be noted that Android is reported to have the largest mobile operating system
market share in Saudi Arabia [76], so the preference for iOS appears to be limited to
the local VI community. Nevertheless, given the popularity of Android locally as well as
worldwide [77, 78], we are optimistic that VI users switching to this operating system
will not experience major platform-dependent usability issues. From a development and
dissemination point of view, too, Android appears to be a more attractive choice since its
open source nature allows free distribution of software and facilitates updates. The inter-
view results show that the three most important factors which influence the VI user’s
preferring one device over another are the availability of an embedded screen reader ser-
vice, availability of accessible utilities to interact with the device, and ease of learning to
use the device. In the case of the Tango tablet, there are several Android screen readers
available [79, 80]; usability testing conducted with the target users will eventually help to
determine the learnability and ease of interaction with the device.

There appears to be a general reluctance to use navigation aids: 80% of the participants
do not even use a white cane instead opting either not to use an aid at all or to rely on
the relatively discreet assistance of a friend or family member. This is consistent with
the results obtained in some previous studies in the local context [27, 63]. The major
shortcomings explicated for both the white cane (i.e., failure to detect distant and above
waist-level obstacles, requiring contact with obstacles, conspicuousness) and the human
guide (i.e., dependency on others, failure to warn about approaching obstacles, conspic-
uousness) confirm and extend upon the limitations for these aids reported by previous
studies [15, 63] (some additional limitations mentioned by other studies include inac-
curate distance estimations to obstacles and ill-timed, redundant, ambiguous and erro-
neous directions given by sighted companions [9, 15, 63], high fees and inappropriate
treatment meted out by paid human guides [63], and the long training time required for
learning to effectively use the white cane [11]); all these shortcomings can be alleviated
by using an electronic aid on a mainstream device. However, though a small number of
participants use the GPS service on their smartphones for localization, none of them
currently use an electronic aid for navigation in general or obstacle detection in particu-
lar (this finding is also consistent with the low assistive technology use for navigation in
the local context reported in [63]). Most of them seemed unaware of the availability of
such aids and were surprised when asked about their use of them. However, almost all
of them seemed eager to try out such an aid and appeared excited about the prospect of
independent navigation in unfamiliar surroundings that this offered, thus, reaffirming
the need for developing such aids.

Requirements and recommendations for a micro-navigation application for the VI
Some requirements and design recommendations for an assistive application for micro-
navigation for the VI emerged from the responses about challenging obstacles, proposed
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system suggestions and user interface preferences. A few important ones have been
listed below and the ones especially applicable to our system have been highlighted.

Requirements Since human guides frequently fail to provide warnings about approach-
ing obstacles and white canes cannot detect overhanging and distant obstacles, the sys-
tem should be able to detect such obstacles. Our system will be designed to take these
cases into account.

Very small obstacles, moving obstacles and descending stairs were rated as the most
challenging obstacles by the majority of the participants. Poles, recycling bins, and chil-
dren were additionally mentioned as difficult to detect. It should be noted that many of
these obstacles have also been mentioned by VI users in other studies [8, 9, 61, 63].

However, when participants were divided into groups based on whether they used a
white cane, human guide or no aid at all, then within each group, the following obsta-
cles were also rated the most difficult to detect: people, sill on the floor, stairs going up.
Hence, the results imply that the traditional navigation aid being used by a participant
alters her perception of which obstacles are more challenging to detect. Since potential
users of the proposed system would probably use the system to complement their cur-
rent aid rather than to replace it, this has the following implications: The system should
be able to deal with all obstacles specified as challenging by the different categories of
users (white cane users, human guide users, users not using traditional navigation aids);
The user should be given the option to receive warnings only about those obstacles
which she finds difficult to detect with her traditional navigation aid (if using one).

Our system’s initial prototype will attempt to detect all obstacles mentioned above
other than descending stairs (since our current obstacle detection method searches for
objects above the floor level). The custom warnings option would be included in future
iterations since this requires recognizing and classifying obstacles after detecting them
which is intended as future work.

Requiring the device to connect to the internet was strongly disfavored and was
deemed tolerable only if this provided some substantial improvement in the application’s
performance (this supports the findings of the previous local study [63]). Our applica-
tion will, therefore, run entirely on the device itself and not require internet connectivity.

Blind and LV participants favored holding the device in their hands and wearing it on
their body, respectively. The initial prototype of the system will support the handheld
option only. However, a 3D-printed holder for the tablet (as suggested in [59]) to be
mounted on the user’s waist (the body location preferred by most participants) would be
designed in the future.

Design recommendations Input interface The results indicate that all participants were
familiar with both speech and touch but were more dissatisfied with speech mainly due to
the unreliability of the speech recognition software. Touch also has the added advantage
of being discreet. This implies that speech input should be used sparingly with most of
the input being provided via touch. However, since blind participants showed a marked
preference for using speech despite its unreliability, speech input alternatives should still
be provided.
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Since the initial prototype of our system will simply provide feedback about detected
obstacles, it will not require any input from the user. However, when customization
options which would require users to input their preferences are added in future itera-
tions, the above recommendations would be taken into consideration.

Output interface The majority of the participants preferred speech for navigation
directions and vibrations for the distance to the obstacles. Our system will, thus, adopt
these modalities for these feedbacks.

Some differences based on the level of visual impairment were apparent for some
of the output preferences such as speech type, speech format, obstacle warnings, etc.
However, since there was general agreement on most other issues, this suggests that one
interface should be provided for both blind and LV users but with customization options
for the aspects in which differences were observed. Our system’s initial prototype will,
thus, provide a single interface for all users with short sentences for navigation directions
and higher vibration frequency for indicating closeness to obstacles, as per the majority
opinion. For speech, synthetic speech in English would be utilized as the default option,
since half of the participants endorsed this and text-to-speech software for generating
this is readily available. However, since human voice recordings and Arabic speech were
also highly recommended, these options would be provided in future iterations.

Regarding visual output for LV users, varying light intensities—rather than colors—to
indicate the distance to the obstacle was the preferred option. However, one-third of the
LV participants dismissed the need for such feedback and the rest did not seem strongly
convinced of its utility, mainly based on the difficulty they have experienced in view-
ing information on their smartphone screens (this corroborates the results reported by
a previous study [14]). The initial prototype of our system will, therefore, not provide
visual output but this option will be considered for inclusion in future iterations of the
system subject to applying enhancements to the visual information, such as those sug-
gested in [14, 81], to facilitate its perception.

The results indicate that most of the participants want to receive feedback from the
system only when an obstacle is detected which is consistent with previous findings [8,
15, 61] indicating that the amount of information being provided should be minimized
to avoid cognitive overload. Most of the participants—and especially, the majority of
the blind participants—specified a distance of 1 m from an obstacle to start receiving
feedback about it. It should be noted that this is contrary to the findings from previous
studies [82] which recommend a distance of 2 m or more to give the user some time to
stop or change direction to avoid the obstacle. We will defer to our participants’ prefer-
ences in the design of the initial system prototype and issue speech-based instructions
to avoid the obstacle at a distance of 1 m. However, to reconciliate the previous studies’
recommendation, a vibration-based alert for a detected obstacle will start being issued at
a distance of 2 m. If the testing reveals that either of these distances is impractical, they
would be modified accordingly.

Though all participants favored footsteps as the distance measurement unit, this
option does not appear to be practical since step length varies among individuals and
even the same individual may adjust his gait according to the environment (e.g., walk-
ing slowly with smaller steps in a crowded setting vs. an uncrowded one); therefore, the
standard unit of meters would be adopted in our system for specifying the distance.
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It should be noted that due to time constraints and the challenges of accessing and
recruiting VI individuals for user research in the local context, the study was conducted
with a relatively small sample of potential users all of whom were female and had quite
similar demographic characteristics in terms of age, education, economic background
and experience with technology. However, the invaluable insights which were obtained
from these target users would be instrumental in ensuring that the design of the ini-
tial prototype of the system would meet basic user expectations and avoid some major
usability issues which would otherwise not be uncovered until much further in the
development process and, that too, after incurring a much higher cost if the system were
developed without any prior consultation with the target users. For future iterations of
the system, we plan to conduct user research and usability tests with a larger and more
diverse sample to further refine the system design so that it would accommodate the
needs of a broader range of potential users.

System design

The initial design of a system to assist VI users in detecting and avoiding obstacles
while navigating indoors is presented in this section. The solution is being developed
for Google’s Project Tango Tablet Development Kit, a 7” Android tablet equipped with
a 2.3 GHz NVIDIA Tegra K1 processor with 192 CUDA cores running on the Android
4.4 KitKat operating system. It has 4 GB RAM and 128 GB flash memory (expandable
via microSD), a depth-sensing array (an infrared projector, 4 MP 2 um rear-facing RGB/
IR camera and 180° field of view fisheye rear-facing camera), several other sensors (a
120° front-facing camera, accelerometer, ambient light, barometer, compass, GPS, gyro-
scope), accurate sensor time stamping, and a software stack that enables application
developers to use motion tracking, area learning and depth sensing [34, 59, 83].

The Java API provided by Tango [84], the Android NDK [85] and the Point Cloud
Library [86] would be used for accessing and processing the data and developing the
application.

An overview of the system is shown in Fig. 9. The user holds the tablet in his hands
roughly at waist level slightly tilted forward with the screen facing towards him in land-
scape orientation. This ensures that the field of view of the cameras, which are located
along the upper edge at the back of the tablet in this orientation, covers the walking area
in front of the user in which obstacles are to be detected. As the user walks, depth data of
the scene in front of him as well as his location and orientation information is acquired
based on the input received from the various inbuilt sensors of the tablet. This data is
then processed and analyzed by an obstacle detection module to detect any obstacles
in front of the user. If any obstacle is detected, a feedback module then generates warn-
ings and directions to avoid the obstacle(s) which are conveyed to the user via audio and
vibrotactile feedback.

Since the data is acquired via the tablet’s inbuilt sensors and the obstacle detection
and feedback modules run on the tablet itself, this ensures that the system is self-con-
tained and does not require any external hardware components for the data acquisi-
tion and processing. This also incorporates our interviewees” preference for no internet

connectivity.
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The design of the system—especially that of the feedback generation module—is
informed by the results of the semi-structured interviews conducted with the VI users.
The detailed design of the two main components of the system—the obstacle detection
and the feedback generation modules—is presented below.

Obstacle detection
The obstacle detection component is designed to include six steps (as illustrated in Fig. 9):

1. Data acquisition Depth data of the scene in front of the user is acquired as a 3D point
cloud using the Tango tablet’s RGB-D camera; the data is captured at 320 x 180 reso-
lution with adjusted frame rate (one frame per 800 ms) [87]. Working with the 3D
point cloud data requires two processes to be executed: (1) The workable coordinate
system should be set to the depth camera coordinate system, in which the y-axis is
pointed down toward the gravity, the x-axis is pointed to the right and the z-axis is
pointed forward away from the user [88] (Fig. 10a). However, when the user holds the
tablet tilted at an angle, the y-axis is no longer pointed downwards (Fig. 10b). (2) The
3D point cloud data should, thus, be rotated around the x-axis utilizing the pose data
provided by the Tango API which causes the y-axis to become parallel to the ground
normal and the XZ plane to become parallel to the ground plane as shown in Fig. 10c.

2. Data preprocessing Two processes are executed in this step: (1) Noise removal: This
involves discarding 3D points with low confidence values (lower than 0.8—note that
the range of confidence values is [0-1] [33]) as well as those that lie beyond a 2 m
range (according to the recommendation discussed in the “Design recommenda-
tions” section). (2) Downsampling: The noise-free point cloud is then down-sampled
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using the Voxel grid filtering algorithm [89] in order to reduce its complexity and
speed up the execution time.

3. Segmentation Since indoor environments consist mainly of man-made objects with
planar surfaces, this step combines all points that belong to the same plane together
as one segment using the Random Sample Consensus (RANSAC) algorithm [90, 91],
thus, dividing the point cloud into several planes.

4. Floor plane extraction Since the floor should not be considered as an obstacle, hence,
this step identifies and removes the floor plane, which is defined as the plane that
satisfies the following conditions: (1) Its surface normal is parallel to that of the XZ-
plane (as shown in Fig. 10c); (2) The angle between it and the XZ plane is 0% (3) It is
at a distance of at least 1 m from the origin (the tablet’s camera)—this constraint is
based on the observation that an adult of average height [92] would hold the tablet at
an elevation of at least 1 m from the ground.

5. Wall detection Since walls are frequently encountered in indoors environments,
hence, this step detects any planes consisting of walls, where a plane is considered a
wall plane if it meets the following two conditions, as specified in [93]: (1) its surface
normal is perpendicular to the floor; (2) its size is larger than a minimum pre-speci-
fied wall plane size.

6. Obstacle specification In this step, the Euclidian Cluster Extraction algorithm is used,
as in [93], which clusters points whose Euclidean distance is below a certain thresh-
old; the resulting clusters are considered as obstacles. To specify the position of an
obstacle, the scene is divided into three parts (similar to the approach followed in
[94]): left, middle, and right, as shown in Fig. 11. The middle division represents the
area directly in front of the user with an exact width of 1 m (this is considered to be
enough space for a person to walk through), whereas the left and right divisions have
equal width.

If the middle division does not contain any obstacles within a range of 1 m (note that
the 1 m range is based on the interview results in the “User requirements elicitation
study” section), the walking path directly in front of the user is clear of obstacles and safe
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Fig. 11 Division of the scene in front of the user into three cuboids

Table 3 Vibration frequencies and their meanings

Vibration frequency (vibrations/s)  Distance to obstacle (m) Implication

1-3 >1m There is some space to continue walking
forward

4-6 <1im Walking forward will result in collision with
an obstacle

to navigate. Otherwise, an obstacle warning is issued and the left and right divisions are
checked; if either of them does not contain any obstacle within a 1 m range, the user is
directed to bear in that direction. However, if both of them contain obstacles but beyond
a range of 1 m, then the one with the obstacle(s) farthest away from the user is selected.
In the worst case scenario, if all divisions contain obstacles within a 1 m range, then no
safe path exists and the user is informed about this.

Feedback generation

In accordance with the design recommendations generated from the exploratory study,
a multimodal user interface has been designed for our system which incorporates two
modalities—touch (vibrations) and speech—to provide alerts and avoidance directions,
if necessary, for any detected obstacles.

If no obstacles are detected in front of the user, no feedback is given in accordance
with the preferences of the VI users. However, if an obstacle is detected in the path
directly in front of the user, feedback is generated as follows. (1) The tablet starts vibrat-
ing; the frequency of the vibrations indicates the distance to the obstacle (see Table 3).
(2) Speech-based feedback, generated using Android TTS, is provided to the user via
bone conduction headphones to indicate the safest path for him to take to avoid col-
liding with the obstacle; this feedback is given only when the distance to the obstacle
becomes less than 1 m (since the VI users we interviewed specified 1 m as the distance
at which they would prefer to receive a warning about an obstacle). The speech mes-
sages consist of short sentences (again, according to the user preferences). Table 4 shows
the various speech messages generated, along with their meanings. Note that “free path”
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Table 4 Speech messages and their meanings

Speech message Meaning

Left and right are free Free paths exist on both the left and the right in front of the user

Left is free Free path exists only on the left in front of the user

Right is free Free path exists only on the right in front of the user

Stop, no free path No free path on the left, right, or middle in front of the user (dead end)

refers to a path that does not contain any obstacles at a distance of less than 1 m, and is,
thus, safe to take.

One of the design recommendations from the exploratory study was that the identity
of frequently appearing obstacles should be conveyed to the user. To keep the compu-
tational cost low in our initial prototype, we have decided to defer the incorporation
an object recognition module to future iterations; however, since walls occur very fre-
quently in indoors environment and help users in orienting themselves [8] and also, since
wall planes can easily be identified based on some geometric constraints (as explained in
step 5 in the “Obstacle detection” section), a wall detection step has been added to the
obstacle detection component (see step 5 in the “Obstacle detection” section). The last
message in Table 4 is then modified to “Wall: Stop, no free path” if the obstacle blocking
the path is a wall.

The vibrations are generated by utilizing the inbuilt functions in the tablet itself and
can be felt by the user via his hands which are in contact with the tablet. Since the par-
ticipants expressed some concerns about audio feedback drawing unwanted attention as
well as blocking out environmental sounds which are crucial for them to discern their
context and orient themselves (note that similar concerns have also been voiced by VI
users in other studies [8, 15, 61]), we have chosen open-ear Bluetooth-enabled bone con-
duction earphones to convey the audio feedback since the sounds from these are audible
only to the wearer ensuring discreetness and they also do not occlude environmental
sounds.

Conclusion and future work

The development of a novel depth-data based real-time obstacle detection and avoidance
application for VI users to assist them in navigating independently in indoors environ-
ments has been presented. The application utilizes the capabilities of the Project Tango
Tablet Development Kit to provide an aesthetically acceptable, cost-effective, port-
able, stand-alone solution for this purpose. A user-centered approach has been adopted
throughout the development process in an effort to ensure that the resulting product
would meet the target users’ actual needs bolstering its potential for eventual acceptance
and adoption by the end users. Semi-structured interviews with VI individuals in the
local context were, thus, conducted to acquire a better understanding of their current
micro-navigation practices and challenges and to gather their recommendations for an
electronic assistive aid for this task. The invaluable insights gained from the interviews
have not only informed the design of our system but would also benefit other assistive
technology designers building similar applications. Following the exploratory study, an
initial prototype of a micro-navigation system for the Tango platform was designed in
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accordance with the users’ preferences; an overview of this system along with a detailed
description of the obstacle detection and multimodal feedback generation modules has
been provided. We plan to iteratively develop and test the initial prototype of the system
with the end users to resolve any usability issues and better adapt it to their needs.

Subsequent to the validation of the initial prototype, the following work directions will
be pursued to incorporate some additional features which were highly recommended by
the interviewed participants: Since most interviewees requested that the identities of the
obstacles be provided to them, a module that employs computer vision based methods
to recognize commonly encountered obstacles and conveys their identities to the user
will be added. Also, the ability to customize the feedback frequency and format would be
included; since certain types of visual impairment are degenerative [61] and some clear
differences were found among the interface preferences of LV and BL users, such cus-
tomization would also facilitate accommodating the user in case of further vision loss.
For speech feedback, Arabic language and human voice recording options may be pro-
vided in view of the interviewees’ preferences; a visual output option may also be added
for LV users, subject to addressing the concerns expressed by the participants about the
perception of the visual information on the tablet; an option for speech-based obstacle
warnings specifying the distance to the obstacles in steps may also be added for BL users
(though this would require a training phase to calculate the user’s average step length).
Since obstacles such as descending stairs and distant ones (beyond a 2 m range) are not
currently detected by our system but have been rated challenging by the interviewees,
the obstacle detection mechanism would be updated to detect these objects as well. Fur-
thermore, since the definition of what constitutes an obstacle differs from one user to
the other [9, 15], and some users may not want to be alerted to obstacles which they
can easily detect with their primary navigation aid (e.g., ground-level obstacles within
the reach of the white cane) [15], an option to define what an obstacle is would be pro-
vided to the user. Also, a 3D printed holder which allows the tablet to be mounted on the
waist would be designed to accommodate the preference regarding this expressed by the
majority of the LV participants.

We are optimistic that our decision to adopt a user-centered approach and to use a
mainstream standalone mobile device for the development would result in a usable solu-
tion widely accepted by the target users that would significantly assist them in auton-
omously detecting and avoiding obstacles in indoors environments. We hope that our
project would inspire further research into user-centered design and development of
micro-navigation systems which exploit the capabilities of the new generation of high-
performance sensor-rich mobile devices to produce practical, user-friendly assistive
solutions.
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