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Abstract — In this paper we describe the 3D acquisition
component integrated in the Sound of Vision (SoV) system. SoV
is a computer vision based sensory substitution device (SSD) for
the visually impaired. Its main objective is to provide the users
with a 3D representation of the environment around them,
conveyed by means of the hearing and tactile senses. One of the
biggest challenges for the SoV system is to ensure pervasiveness,
i.e., to be usable in any indoor or outdoor environments and in
any illumination conditions. To this end, the proposed 3D
acquisition system was designed based on a fusion of data from
different types of sensors. We present the hardware and software
solution for developing this acquisition system and provide
insight on its exploitation in various computational scenarios of
the SoV system. In the first indoor trials with the system, carried
out in modeled indoor environments, the visually impaired
volunteers were capable of performing simple navigation tasks
and avoiding cardboard box obstacles.
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I. INTRODUCTION AND RELATED WORK

Visual impairment or vision loss is a severe condition that
seriously affects the life of the individuals suffering from it.
The ability to see, gives people access to the world around,
from details of facial expressions to color, shape, size of the
objects, and to the hazards from the environment that could
endanger their lives. Blind persons face challenges performing
everyday activities that sighted take for granted, like reading
or walking. One of the most important problems for blind
people when moving in open or closed environments is the
lack of external references, creating a distortion of absolute
directions, of the position of their heads and bodies related to
streets or furniture.

The development of aids for helping the visually impaired
to perceive the environment, to orientate and navigate has
been the subject of many research works in the past two
decades. The reported efforts to support the rehabilitation of
visually impaired have been directed towards the development
of electronic travel aids (ETAs) and sensory substitution
devices (SSDs). An ETA is a form of assistive technology
with the purpose of enhancing mobility for the blind user [1,
2]. Sensory substitution devices are designed to convey visual
information to the visually impaired by substituting visual
information into one of their intact senses [3-9]. These devices
employ non-invasive human—machine interfaces, which, in the
case of the blind, transform visual information into auditory or
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tactile representations using a predetermined transformation
algorithm.

Although other environment sensing techniques, like sonar
or radar, have shown promising results, computer vision
methods have more potential for providing an appropriate
representation of the environment in real-world settings,
which are noisy and difficult to interpret. Creating such a
representation implies acquiring information and filtering it in
order to provide the user with information that is not
confusing and does not sensory overload the user [10-14].
Moreover, as a general trend, higher quality image sensing
devices are becoming cheaper, smaller and more widely
available.

Analyzing the state of development for these assistive
systems from the perspective of the end-user, we find that a
plethora of works have been reported in the literature [7-9, 15-
31]. However, there are still some important steps to be taken
before large communities of visually impaired users embrace
this technology. The reasons for not having such consumer
grade systems largely available for the end-user are related to
many factors, such as form factor, lack of efficient training
program or general limitations of visual rehabilitation.

In this paper we describe the 3D acquisition component of
the Sound of Vision (SoV) system [32]. The SoV system is a
non-invasive, wearable sensory substitution device that assists
visually impaired people by creating and conveying an
auditory and tactile (haptic) representation of the surrounding
environment. This representation is created based on computer
vision techniques, updated and conveyed to the blind users
continuously and in real time. The objective of the SoV
system is to aid both the perception and the navigation of
visually impaired users in unknown environments.

The main challenging requirements for the SoV system are
(i) to provide users with real-time feedback regarding the
structure of the environment, (ii) to work in both indoor and
outdoor environments, (iii) irrespective of the illumination
conditions and, (iv) to be wearable. These general
requirements translate into technical requirements for the
computer vision component of the SoV device. They
specifically have an important impact on the design of the 3D
acquisition system.

Many other computer vision based assistive systems for
the blind have tackled the problem of environment sensing and
understanding. However, very few of them consider the



pervasiveness aspect [29, 30, 31] and work either in indoor or
outdoor environments. This limitation mainly comes from the
integrated 3D sensors. The infrared-based sensors, e.g.,
Kinect, do not cope with bright illumination from the sun.
Stereo sensors provide unreliable depth estimations in the
presence of poor artificial lighting or uniformly
colored/textured surfaces specific to indoor environments.
The system described by Kurata et al. [30] obtains positioning
data from several sensing sources such as GPS, Wi-Fi, PDR
(Pedestrian Dead Reckoning), image-based registration, and
active RFID (if the infrastructure is in place), and integrates
them based on each uncertainty. Road-network data is also
employed for map matching. A local navigation aid for
impaired users is included through the use of a laser range
finder (LRF) to detect obstacles in the path. An obstacle-map
is rendered on a tactile display, also used for Braille output.
The authors also report the positioning error and coverage of
each sensor and method on an indoor and outdoor trial course.
The VeDi system [31] provides another showcase for indoor
and outdoor navigation by integrating vision-based with
pedestrian-localization systems. The authors report a custom
designed system that demonstrates how partially sighted
people could be aided by the technology in performing an
ordinary activity, like going to a mall and moving inside it to
find a specific product. Computer vision techniques for
detection, recognition, and pose estimation of specific objects
or features in the scene are combined with a hardware-sensor
pedometer. This enables the system to derive an estimate of
user location with sub-meter accuracy. The user is guided
through the outdoor section of the route (from a bus stop to the
sliding doors representing the entrance of the mall) using a
PDR system. Navigation in the indoor environment is
performed using a Visual Navigator that searches for specific
visual beacons (signs or environmental features). It notifies the
user as soon as a target is detected in the scene, it
communicates the direction to follow in-order to reach it, and
the action needed to pass from one target to the next.
Moreover, the navigator warns the user in the case that
dangerous situations are detected (i.e. a wet floor: sign). A
Structure from Motion algorithm is used to predict the
movement of the user with respect to a starting point. The
drifts introduced by the algorithm are compensated by the
PDR.

Sensor fusion has also been exploited in the Navig project
[28]. It uses GPS, two IMUs (Inertial Measurement Unit), one
for body heading and a second one for head orientation, an
adapted GIS and a stereco vision module. The vision module
serves two functions: object localization and user positioning.
Both functions rely on the estimation of the distance between
a target and the user. The global navigation task is supported
by the user positioning mode. In this mode, the system looks
for geolocated landmarks tagged in the GIS. During the
journey, according to the estimated location of the user,
models corresponding to nearby targets are automatically
loaded (e.g. signs, facades, logos, etc.). When detected, these
visual landmarks (called visual reference points) are not
rendered to the user but are used to refine the current GPS

position. This function can provide a position estimate relying
exclusively on embedded vision. It can then be fused with
GPS data to improve positioning; it can also be used in
situations where the GPS positioning is faulty or absent.

While all these systems employ a form of data fusion from
different sources, they only address the navigation problem
and do not focus on the sensory substitution approach. The
SoV system tackles the pervasiveness requirement by
integrating both an Infra Red (IR) depth sensor and a stereo
vision system, together with an IMU device for recovering the
head orientation. The main goal is to provide depth
information in any environment (indoor or outdoor) and in any
illumination conditions.

In the reminder of this paper, we present the hardware and
software solution devised for the acquisition component of the
SoV system. The presentation modules of the system,
however, are not covered in this work. For example see [8]
where a more detailed discussion is provided on "auditory
display" methods of 3D scene images. Finally, we provide a
general insight on the SoV system exploitation possibilities for
ensuring its overall intended functionality.

II. SYSTEM DESIGN AND IMPLEMENTATION

The underpinning idea of the designed system is to build a
wearable assistive device aiding the visually impaired in
independent mobility and travel both in indoor and outdoor
environments. This is a challenging task since different space
scales and illumination conditions characterize theses
environments. - The novelty of the designed assistive system,
not discussed in detail in this work, is represented by the
employment of non-visual presentation techniques of the
environment that combine audio and haptic modalities. Such a
solution increases the capacity of the sensory channels aiming
at substituting the lost vision. However, the key part of the
system is the acquisition sub-system of the 3D processing
module responsible with the identification and selection of the
objects of 3D space for presentation.

This acquisition sub-system was designed with three
objectives in mind: (i) to provide consistent input for the
processing algorithms used by the SoV system in multiple
usage scenarios (e.g. indoor/outdoor, different lighting
conditions), (ii) to use affordable acquisition devices and (iii)
to have a flexible structure.

The result is a system with a modular design, with off-the-
shelf components and fusion techniques of our design to
preprocess raw input data. The system is powered by an i7
Intel processor notebook with most of the critical image
processing procedures ported to a Graphical Processing Unit
(GPU) platform.

A. Hardware

The acquisition devices are placed onto a rigid structure,
which can be easily attached to various headgear designs (Fig.
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Fig. 1. Acquisition devices support attached to two different headgear
designs. (Left) Rigid acrylic structure resembling VR headset
implementations. (Right) Lightweight headgear with elastic strap bands.

TABLE L MAIN CHARACTERISTICS OF THE ACQUISITION DEVICES
Device Parameter Value

Max. resolution 4416 x 1242 @ 151ps
Sensor type OmniVision 4M CMOS

LI-OV580 Sensitivity 1900 mV/lux

Stereo Camera Format 13"
Pixel size 2x2pum
FOV 109°/88°/72° (D/H/V)
Max. resolution 640 x 480 @ 30fps

Operating range 0.4 - 3.5 meters

Structure
Sensor PS1080 - 0.5mm @ 0.4 m
Precision 30mm @3 m
FOV 58°/45° (H/V)
Max. data rate 400 Hz
Raw data / Euler angle /
LPMS-CURS2 Output data format Quaternion
MU Resolution <0.01°
Accuracy $2° dynamic

< (.5° static

The acquisition devices are described below. Table I also
presents their main characteristics. All the devices are
connected to the SoV central processing unit via'a USB 3.0
hub.

e A stereo RGB camera (SC) - LI-OV580 from
Leopard Imaging - used for outdoor image capture.
The two cameras are mounted on separate Printed
Circuit Boards (PCBs) and are connected by wire to
the central unit. The main advantage of this design is
that the baseline can be configured specifically for
the application.

e A Depth-of-Field (DoF) camera (SS) - Structure
Sensor PS1080 from Occipital - used for indoor or
low light image capture. It has an integrated battery
that can extend its usage period by 3 to 4 hours.

e An Inertial Measurement Unit (IMU) - LPMS-
CURS2 from Lp-Research - is used for tracking the
head/body movement. It integrates three sensors

(accelerometer, gyroscope, magnetometer) and a
fusion engine that processes sensor data and outputs
heading data by means of a Kalman filter.

B. Operating modes

The 3D Acquisition system has four operating modes -
Stereo camera input, Structure sensor input, Stereo-Structure
dual input and recording playback (the first three are pictured
in Fig. 2). The first three modes are designed for the real-time
use of the SoV system, whereas the playback one is
implemented for offline use in order to test, tune, and
customize the processing algorithms used further down the
pipeline.

From a functional software perspective, the 3D
Acquisition system is based on four distinct modules - one
input module for each acquisition device (i.e. stereo camera,
structure sensor, IMU device) and one main module for data
synchronization, aggregation and preprocessing.

Stereo camera e

3D Acquisition modulgmp
I Frame sync. H Rectification HJW
correspondence

IMU module N A

module

Structure

3D Acquisition module (Structure mode}
sensor module e

Frame sync.

IMU module

Stereo camera
module

3D Acqulsition module (Dual mode A
Structure-RGB
projection

Structure

Frame sync Stereo RBG
sensor module yme. rectification

IMU module

Fig. 2. Overview of the operating modes of the 3D Acquisition module

1) Stereo mode

The Acquisition module captures Stereo frames,
synchronizes them with the IMU data, rectifies the left and
right images and then applies a stereo correspondence
algorithm (Elas or SGBM) in order to compute the disparity
map. The main improvement compared to the previous SoV
prototype consists in acquiring and rectifying stereo image
pairs of a larger resolution, i.e., 1280 x 720. In the previous
prototype the 640 x 480 resolution of the sensor was used.
However, by experimental testing, it was found that with this
resolution, the actual field of view of the camera differed from
the technical specification provided by the manufacturer.

2) Structure mode

The Acquisition module captures Structure frames (depth
frames) and synchronizes them with the IMU data. No further
preprocessing is performed in the acquisition module.

3) Dual mode

The Acquisition module captures Stereo frames,
synchronizes them with the IMU data, rectifies the left and
right images and then optionally runs a mapping procedure
between RGB and depth frames or disparity and depth frames.
If the second mapping is active, a stereo correspondence



algorithm (Elas or SGBM) is used to compute the disparity
map.

C. Calibration procedure

In order to function properly, processing algorithms that
make use of stereo images require the physical characteristics
of the cameras used. Due to the manufacturing process of the
headgear (i.e. 3D printing accuracy and glitches) and due to
the mounting process (i.e. manual positioning and fastening,
parts tensioning), each assembled headgear is a unique item
and the cameras must be calibrated individually (a special re-
calibration procedure to be run by the user was also
developed). Moreover, for the dual acquisition mode (i.e.
projection of the depth output of the Structure sensor onto the
RGB data from the Stereo camera) both devices must be
calibrated together.

The calibration process makes use of a chessboard
calibration pattern that must be placed at about 2 meters in
front of the cameras. About 50 images are taken (Fig. 3) with
the pattern in different orientations in order to compute the
geometric distortions introduced by the cameras as well as the
extrinsic parameters describing the transform between each
pair of cameras (left + right, left + IR, right + IR), where by IR
we denote the infra-red sensor of the Structure Sensor device.
The processing of the images is done with a custom developed
calibration tool.

Some difficulties arise from the fact that the images from
the Structure sensor (i.e. the device is equipped with an IR
camera) must be taken beside the images from the stereo
camera: the projected IR pattern from the Structure sensor is
not suited for the chessboard pattern (i.e. the contour of the
squares loses sharpness) and as a result the IR pattern
generator must be masked and an alternate IR light source
must be used (e.g., an incandescent lamp).

The output of the calibration process consists in a set of
intrinsic, extrinsic and distortion parameters between the left-
right RGB cameras, left RGB-IR cameras, and IR-right RGB
cameras.

Fig. 3. Sample calibration images — a) IR camera output from the Structure
sensor; b) left and ¢) right RGB Stereo camera output.

D. Synchronization

The data from the input devices (Stereo camera, Structure
sensor, IMU) is captured on separate threads of the
application, in order to maintain an acquisition rate close to
the rates provided by the hardware. Thus, the need to
synchronise the input streams arises.

The synchronization achieved is a “loose” one. This means
that we take into account the fact that the acquisition threads
present switching jitter due to the load of the system and the
OSs task switching mechanics (Fig. 4). Tests show that on a
Windows 7 system with modest resources the jitter with both
negative/positive values does not exceed 25% of the capture
period at 30fps and cancels itself after 10-15 frames.

Capture function

call (w/ jitter)
770 ITimest
il HW . UsSB 1dle J imestamp
processing  transfer RN}
i i Time
] ]
] ]
H | Capture
]

'function return

Acquisition period

Fig. 4. Generic acquisition timeframe

All captured data is timestamped (based on one of the
system's steady clocks) and then a matching process is run
based on the acquisition modeused:

o Stereo mode - The IMU acquisition rate (100 fps) is
higher than the one from the Stereo camera (15 fps),
so for every camera frame, all IMU samples that
were captured in the 1/15 s period that ended when
the Stereo timestamp was set are matched to the
video frame.

e  Structure mode - Similar to the Stereo mode with
different acquisition rate from the Structure sensor

(30 fps).

e Dual mode - In this mode, the time reference for the
process is represented by the Stereo frame timestamp
(i.e. it has the smallest sample rate) and for each
Stereo frame, two Structure frames are matched.
Afterwards, the IMU samples are matched as
described above.

E. Depth map remapping

The fusion between the output of the two imaging devices
is necessary for the myriad of processing algorithms employed
by the SoV system. The module implements two types of
remapping: depth onto RGB and depth onto disparity.

The depth map from the Structure Sensor is reprojected
onto the left rectified image from stereo camera using the
following steps:

1. Using intrinsic parameters of the Structure Sensor, a
3D point cloud map is obtained from the depth map;



Fig. 5. Reprojection of the depth map from the Structure Sensor onto left
rectified image

2. For each element from the 3D points cloud map a
respective 3D coordinate in the left rectified camera
reference frame is calculated;

3. Each 3D coordinate obtained in the previous step is
projected onto the rectified image using intrinsic
parameters of the left rectified camera image;

4. The depth map reprojected onto the left rectified
image is a two-dimensional array of the same size as
the size of the left rectified image;

5. The image coordinates obtained in the previous step
are rounded to integer points to the element of two-
dimensional array to which a respective depth value
should be assigned. If more than one depth value is
assigned to the same element of the array the smallest
value is chosen.

Figure 5 shows the depth image reprojected onto the left
rectified image from the Stereo camera and illustrates the
difference between the FoV of the two input devices.

For the depth onto disparity remapping, the reprojection
of the depth map onto the left rectified RGB image is aligned
with the computed disparity map. Therefore, the two maps can
be fused together in the following way:

e Recalculate the disparity values from stereo into
depth values;

e For each element in the depth map check if it is valid
(has nonzero depth wvalue). For valid elements,
substitute an element in the disparity map from the
Stereo camera with the respective element from the
reprojected depth map from the Structure Sensor.
Valid elements from the Structure Sensor depth map
are regarded as superior over the respective elements
from the Stereo camera depth map.

As a result of this procedure we get a precise depth map
for the Structure Sensor FoV and less accurate for the larger
FoV of the stereovision system. The former enables high
precision tracking of the ground plane and the latter is
required for detection of obstacles for a wider FoV.

III. APPLICATIONS

A. General usage

The 3D Processing module of the SoV project exploits
different combinations of sensor data to maximize the system
usability in different situations and still provide environmental
information in conditions atypical to normal CMOS sensors.
Table II summarizes the supported operation scenarios.

TABLE IL USAGE SCENARIOS FOR DIFFERENT ENVIRONMENTS AND
ILLUMINATION
Env. cI(;:lgdl;:il::lgns Inputs Processing
Planar-surface detection
Depth map (SS) | and = combination into
Normal X .
light Left color map object§; Door, texts, sign
(SC) detection (color & depth
Indoor .
maps fusion)
Low light / Planar-surface detection
complete Depth map (SS) | and combination into
dakness objects;
Object detection (dispa-
rity map  histogram
Normal Left/right color | segmentation); Camera
light maps (SC) movement estimation for
Outdoor object tracking (Stereo
pairings)
Low light / Object detection (depth
complete Depth map (SS) | map histogram segmen-
darkness tation);

One important topic when it comes to binding the output
of the acquisition system to the processing pipeline is that of
the extents of the encodable space around the user. The
encodable space is defined by the hardware parameters of the
cameras that make up the 3D acquisition system. Specifically,
the encodable space is in the form of a pyramidal frustum
defined by the field of view and the depth range. The two
types of cameras embedded in the system have different
values for these parameters resulting in two definitions of the
encodable space.

Fig. 6. Encodable space in front of the user depends on the FOV and depth
range of the sensor. d1 represents the distance to the closest point on the
ground that can be measured by the sensor. d2 represents the maximum depth
of points that can be measured

The user height and the orientation of the cameras with
respect to the ground determine the minimum and maximum
distances at which the system can report the presence of head-



height and ground level obstacles (Fig. 6). The tilt of the
cameras’ support can be adjusted to optimize these parameters
for each user height.

The depth of objects closer than 40 cm to the cameras
cannot be retrieved neither by the structure, nor by the stereo
sensor. Thus, these objects will not be identified by the 3D
processing module. However, integrating an inter-frame
consistency mechanism, based, for example, on camera
motion estimation, allows a global 3D model to be build. With
such a model, objects further away are “memorized” by the
system and reported to the user even when they become closer
than 40 cm to the cameras. If such an approach is not
available, the task of keeping track (“memorizing”) of the
object is up to the user. This is the case of the indoor, structure
sensor based, operating mode, where camera motion
estimation cannot be reliably exploited.

The depth resolution refers to the accuracy with which a
system can estimate changes in the depth of a surface. If
estimated with a stereo sensor, it is proportional to the square
of the depth and is inversely proportional to the focal length
and baseline. Thus, the depth estimation errors increase
quadratically with the distance from the sensor. The range of
depth refers to the minimum and maximum distances of
objects that can be measured by the stereo vision system for a
given maximum disparity. While the stereo vision sensor can
provide depth estimations at distances larger than 10 m, they
are very much affected by errors (at 10m the depth error is
approx. 25 cm, while at20 m the depth error is approx.
104 cm).

Table III summarizes the actual values for the field of view
and the ranges of distances to obstacles on ground level and at
head level for the two acquisition modalities. The cameras are
tilted individually for each user such that head height obstacles
(including 0.3 m above and below the camera level) are
observed by the sensors at the minimum- distance (0.4 m).
Thus, the minimum distance to the closest .observable object
on the ground only depends on the user height.

TABLE III. ENCODABLE SPACE PARAMETERS. THE DISTANCE TO THE

CLOSEST OBSERVABLE POINT CORRESPONDS TO A USER HEIGHT OF 1.7M

Structure Stereo

Parameter
sensor camera

Field of view - horizontal 58 deg. 88 deg.
Field of view - vertical 45 deg. 72 deg.
Min distance to observable ground level 1.70 m 1.04 m
object (d1)
Min distance to observable head level 0.4 m 0.4 m
object
Max distance to observable ground/head 5m 10m
level object (d2)

B. Ground plane detection

A very important step in the detection of objects in the
environment is represented by the correct estimation of the

ground surface. One approach is to segment the 3D global
model into objects after excluding the regions corresponding
to the ground. Moreover, the ground information can be
exploited for computing the best free space in front of the user
and for the detection of holes on the pathway.

Fig. 7. Example of stereo-IMU data fusion for accurate ground plane
detection. Disparity maps are rotated based on the IMU data.

The main -approach for ground detection in the stereo
processing pipeline is to compute a vDisparity histogram in
which the pixels corresponding to the ground surface are
expected to form a line [33]. This assumption does not hold in
the presence of camera roll. To overcome this limitation, we
recover the orientation of the camera based on the
synchronized data from the IMU device mounted on the SOV
headgear. We rotate the image along the z axis around the
optical center (cx, cy) of the camera using cubic interpolation.
This rotation ensures that the ground surface pixels correspond
to a straight line in the vDisparity image (Fig. 7).

C. Doors detection

The problem of door detection is very important in systems
aiding visually impaired users in independent travel in urban
spaces. Detecting doors using a white cane can be problematic
because they may be confused with corners, niches in the
corridors or with pillars.

The detection mechanism makes use: i) of the ground
plane detection algorithm presented in the previous subsection
(i.e. with the synchronized data from the Stereo camera and
the IMU device) and ii) of line detection and door model
fitting algorithms that are based on the remapping procedure
of the depth map onto the left RGB image [34] (Fig. 8).



Fig. 8. Door detection example. The detection is performed in indoor scenes
based on the fusion of depth and color data coming from the structured light
sensor and the stereo vision system, respectively.

IV. CONCLUSIONS

This paper presents a novel approach to the subject of
building a flexible 3D acquisition system with off-the-shelf
components. The proposed system relies on input data fusion
from a stereo RGB camera, a structured light sensor and an
IMU device in order to deliver consistent data to image
processing algorithms in conditions atypical to normal CMOS
sensors. This will ensure pervasiveness of the sensory
substitution system in which the proposed acquisition system
is integrated. The tests of the system are planned at different
illumination and indoor/outdoor environments. The
wearability aspect of the system is tackled by mounting the
acquisition components on a rigid structure easily attachable
to various headgear designs. The height of the user is_an
important factor that influences the extents of the encodable
space around the user. More specifically, it influences the
minimum and maximum distance at which ground level and
head level obstacles can be sensed by the system. The tilt of
the headgear can be easily customized in order to optimize
these distances for each user.

Further improvement of the design for the acquisition
system will consider incorporating latest releases of more
lightweight structured light based sensors. The total weight of
the acquisition component currently does not exceed 200 g,
which is less than the weight of state of the art VR headgears.
However, usability studies carried out with participation of the
visually impaired volunteers show that prolonged use of the
headgear (more than 1 hour) can cause discomfort or fatigue
to the users.
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