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Abstract. This article introduces an approach to automatic generation of binaural sound
scenes BSS that describe in auditory form environments for visually impaired individ-
uals. This audio, with descriptions of the city environment, can be beneficial for devel-
oping spatial orientation skills among Blind Individuals (BI), especially those who have
recently lost their vision and must adapt to new, difficult living conditions. The idea to
solve the problem is that artificially generated binaural scenes can simulate situations in
which a BI navigates open spaces, such as a city, or large buildings like train stations,
airports, and university campuses. Practising these skills in a simulated environment
can be less stressful than real-world training. This work describes the development of a
specialised application that facilitates the creation of binaural sound scenes from simple
monophonic sounds. Several scenes were subsequently generated and then tested by
three visually impaired individuals. This testing aimed to determine whether entirely
artificially generated sound scenes are a sufficiently robust approach for constructing
more complex simulation environments.
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1 Introduction

The development of assistive technologies is an extensive research field aimed at helping
people with disabilities, i.e., those who are blind or have low vision, overcome physical,
social, and infrastructural barriers in everyday activities. Globally, at least 2.2 billion people
have near or distance vision impairment. Total blindness is estimated to affect approximately
39 million people worldwide, and another 246 million have poor vision [14]. Vision loss
negatively impacts the ability to navigate independently and be mobile, which is why efforts
to develop Electronic Travel Aids are crucial [3]. The main goal of assistive technologies and
specialised Orientation and Mobility training is to achieve equal access, enabling independent
living, the freedom to choose a career path, and the ability to perform everyday activities such
as navigation and obstacle detection [2]. However, real-world training can be stressful and
requires significant resources, including trained instructors and specialised infrastructure like
spatial orientation parks. [18]

To take a step towards overcoming this barrier, we propose a virtual simulation environment
as an alternative, using Virtual Reality (VR) and Artificial Intelligence (AI). In this setup,
VR can replace physical infrastructure, and Al can act as a virtual instructor. A key element
of this simulation is modelling the user’s sound environment. For this purpose, binaural
sounds can be used to create a 360-degree auditory experience, enabling the simulation of
complex soundscapes. These sounds can be generated from simple monophonic sounds using,
for example, the Head-Related Transfer Function (HRTF). [13]. The HRTF filter imitates
how sound waves are reflected by a person’s head and body, altering sound frequency, volume,
and arrival time to create the illusion of direction and movement. By processing individual
monophonic sounds, we can create acoustic binaural scenes that realistically model situations
a blind person might encounter. These scenes include walking along a street, crossing an
intersection with traffic and a sound-enabled traffic light, and being inside a public vehicle. A
proposed method also allows simulation of sounds such as passing cars, pedestrians’ footsteps,
and the tapping of a white cane.

The core of the work is an application that generates detailed binaural sound scenes from
multiple monophonic inputs, arranging them in a chronological sequence to create immersive
training scenarios. An application was developed as part of a project within the framework of
Adrian Wysocki’s engineering thesis [20].

The rest of the paper was organised as follows. In the next section, we present the current
state of the art regarding binaural sounds, the problem of supporting spatial orientation skills,
and the important phenomenon of echolocation, which affects the independent mobility of
blind people. In the next section, we define a binaural scene and discuss the proposed solution
for creating them. We then present the results and user validation of the created binaural
scenes, and conclude with a summary.
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2 The state of art

Research is underway to improve spatial orientation and navigation skills for individuals with
visual impairments by combining auditory, haptic, and virtual reality (VR) technologies. In
this context, prototypes of various devices, focusing on aspects supporting the independent
mobility of blind people, were created. On the one hand, projects focus more on recognising
obstacles and informing the user about them using sound, vibration or Braille. The second
trend of prototypes is more focused on problems related to locating the user in space and
guiding him to a selected point, similar to commonly used navigation programs, but with
greater accuracy and a slightly different set of information provided to the user.

One of the latest example prototypes that can be included in the group related to obstacle
recognition is a portable device consisting of a stereovision camera with structured lighting,
a control unit, a haptic belt, speakers and a specially designed [16] keyboard. It uses haptic
stimuli and auditory signals to convey environmental information and facilitate navigation. The
solution uses depth-image processing, segmentation, and a mapping scheme that transforms
the segmented image into a matrix of haptic actuators. The device provides the user with haptic
feedback via a custom touch strip equipped with 20 vibration actuators arranged in a 4x5 grid,
as well as two additional actuators for feedback on special object categories. The obstacle
detection range in this prototype is limited to 2.5 m in a user-defined corridor 0.8—1.5 m wide.
Dynamic tests showed 100Similar portable devices, however, in the form of special helmets
with headphones and a camera, include the prototype systems described in [21] and [22].

Another approach focuses on auditory systems, especially those using binaural sound
to create a Virtual Spatial Reality (VSR). Mikulowski and Szuba’s work [12] on a VSR
game utilises 3D binaural audio to enhance spatial perception, delivered via bone-conduction
headphones, allowing users to hear both virtual and real-world sounds simultaneously. Earlier
research by the same group [11] proposed an "Ontologically-Based Object Map" that uses
binaural sounds to create a simplified audio map for navigation and pre-trip planning.

Binaural guidance is also central to an autonomous navigation system by Hajebi et al [5].
This system uses mobile devices to combine real-time positioning with 3D binaural audio,
providing features for journey planning and real-time guidance. To avoid interfering with
ambient sounds, Fujita et al. [4] developed a navigation device that uses bone conduction to
deliver binaural sound, leaving the ear canals open. This method has been shown to reduce
navigation time and improve localisation accuracy. The American Foundation for the Blind’s
paper, "Exploring New Horizons: Binaural Soundscapes,” [1] highlights the importance of
Interaural Time Difference (ITD) and Interaural Level Difference (ILD) in creating im-
mersive 3D soundscapes. This research extends the use of binaural sound beyond navigation
to education and recreation, emphasising the need to involve visually impaired individuals in
the design process to ensure the technology is truly user-centred.

Another auspicious approach, due to its relatively good availability, is the use of smart
glasses in VR systems [23]. The authors of this solution developed the Foveated Audio Device
(FAD), created in cooperation with ARIA Research. FAD consists of NReal Light AR glasses
and the OPPO Find X3 Pro smartphone The glasses used in this project have low weight
(88g), support for computer vision, a 6-degree-of-freedom inertial measurement unit (IMU)
and built-in binaural speakers. The authors used the Semi-Global Block Matching (SGBM)
and stereo-matching algorithms to calculate a depth map and determine the distance of objects
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from the user. However, in the described study, the classification was limited to four everyday
objects (book, bottle, bowl, cup), each with an appropriate sound assigned (e.g., book - the
sound of turning pages, bottle - the sound of a glass bottle). The system was verified by 14
participants (7 blind or partially sighted and seven sighted individuals wearing blindfolds). It
was found that the device effectively supported object recognition and reaching.

Another approach is the use of haptic feedback, which provides a tactile dimension to
spatial orientation through vibrations and physical sensations. Kleinberg et al. [8] developed a
portable haptic system that utilises computer vision, ultrasonic sensors, and machine learning
to provide real-time tactile feedback, alerting users to obstacles and promoting safer navigation.
Similarly, Kaplan et al. [6] investigated the use of standard gamepads with haptic feedback
and audio descriptions of landmarks to support route learning and environmental preparation
before physically entering a space.

An interesting aspect of natural movement techniques among people who are blind is
echolocation. Echolocation is a natural ability that some blind people develop, in which they
emit sounds (e.g., tongue clicks, called FlashSonar) and listen to the reflected echoes to de-
termine the position, distance, size, shape, movement, and even, in any case, the texture of
surrounding objects. This technique, while effective, requires significant training. Echoloca-
tion used by blind people, such as Daniel Kish [7], involves short sounds that bounce off
surfaces of obstacles and return to the listener. Thanks to this, it receives spatial informa-
tion similar to that which is provided by light for sighted people. Studies have shown that
blind people using echolocation activate the primary visual cortex, just as sighted people do
when processing visual stimuli [19]. It suggests that spatial information processing at the
neuronal level is metamodal. Echolocation provides real functional benefits in daily life, such
as greater mobility in unfamiliar places. An example diagram showing how the echolocation
phenomenon works is presented in Figure 1.

Listener (person)

Reflected sound waves

Emitted sound waves

TIVM

Figure 1: Echolocation ability of the man - schema. (Source: own study)
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Since humans cannot naturally generate or hear ultrasound, technology can assist with
this process. That is why devices called EBATSs (Echolocation-Based Assistive Technologies)
are being developed that emit ultrasonic signals and convert the reflected echo into sound
audible to humans. Such an example device described in [17] consists of a headset (with
an ultrasound emitter and stereo microphones with artificial auricles attached). It uses ultra-
sonic pulses reflected from an obstacle, which are recorded, then their frequency is lowered
(time-stretched) to the range audible to humans and played back to the user. Tests showed
that users could judge the size and distance of the obstacle without prior training. However,
trained users also demonstrated the ability to judge height. EBAT’s devices have also been
integrated with smartphones for convenience and portability. Some EBATs use ultrasonic
sensors for spatial mapping. These systems often achieve high accuracy, with 92.5-100In the
case of echolocation-based devices, machine learning (ML) for object recognition can comple-
ment human abilities, reducing the required object detection time by 35.8% and significantly
reducing mental workload.

VR environments and simulators provide a safe and controlled space for individuals
with visual impairments to learn and practice spatial skills. Lahav’s review [9] highlights
the potential of VR as a tool for navigation planning, training, and as a diagnostic aid for
Orientation and Mobility specialists. Several software libraries exist for creating realistic
binaural sounds. OpenAL [10] is a cross-platform 3D audio API that models sound sources
relative to a listener and supports various effects crucial for realistic binaural audio. OpenTK
[15] is a C# binding that allows .NET programs to access OpenAL’s functions. Another
solution is a Slab3D, a real-time virtual environment rendering system designed explicitly
for 3D sound processing and that includes Head-Related Transfer Function (HRTF) databases
for accurate binaural rendering. Finally, the Unity Audio Spatializer SDK is also noted for its
ability to generate binaural sound.

3 Designing binaural scenes

3.1 What is a binaural scene

Before we proceed to describe the solution proposed in this work, let us explain what a
binaural scene is. A binaural scene is a comprehensive composition of binaural sounds,
played simultaneously or sequentially, the most important feature of which is the creation of
the impression of immersion in a three-dimensional acoustic space. Thanks to the appropriate
selection and processing of signals, the listener has the impression that sounds are coming
from specific directions around his head - from the front, back, sides, and even from above
or below. In this way, the binaural scene allows for a realistic simulation of presence in a real
acoustic environment. To achieve this effect, a binaural scene usually consists of many sound
elements that reflect typical stimuli found in urban or natural spaces. These may include,
among others, the sounds of passing cars, the footsteps of passers-by, the sound of wind, or
the conversations of people passing by the user. The use of various sources allows for the
representation of a rich, dynamic space, enabling the recipient to orient himself acoustically.
A pretty apt comparison is the juxtaposition of a binaural scene with a musical piece in which
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several instruments play (each their own part) at different times, producing entirely different
sounds. The entirety of such a musical piece constitutes a coherent work offering a specific
artistic performance. It will be similar to a binaural scene, which consists of many different
sounds in order to give the user a coherent impression of a small fragment of reality. An
example of a schematically simplified binaural scene with a street and cars driving on it, a
listener in its centre, passers-by and a traffic light with sound is shown in Figure 2.

. Traffic light .
Listener (traffic light signal sound) Pedestrians

(binaural sounds) (footsteps sounds/ conversations)

\ /

Cars
(traffic sounds)

Figure 2: The binaural scene schema. (Source: own study).

An important component of the binaural scene used in spatial orientation training for
blind people is voice commentary generated by speech synthesis. This comment acts as a
virtual guide - it informs the user about the surroundings and provides tips on the appropriate
response in a given situation, e.g.: "You are approaching a traffic light at an intersection. Stop
and wait until the light turns green." Thanks to this, the user can practice spatial orientation and
movement in conditions similar to those of real life, but in a much safer and more comfortable
environment.

Sounds used in binaural scenes can be acquired directly from the environment using
special binaural microphones or generated synthetically. In the latter case, signal processing
techniques, such as HRTF (Head-Related Transfer Function) filters, are used to map sound
directionality to the listener’s head position realistically. In addition, the arrangement and
movement of sounds can be dynamically modified, which increases immersion and allows
simulating situations in which elements of the environment move relative to the user. Binaural
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scenes can therefore be a valuable tool for supporting the development of spatial orientation
and mobility skills among blind people, enabling safe training and skill development in
navigating a complex acoustic environment without exposing them to real threats.

3.2 Binaural scene generator

The system proposed in this work was implemented as a monolithic desktop application in
.NET and C#. The program features a simple graphical interface that enables the creation of
binaural sound scenes from input monophonic sounds. OpenTK and OpenAL libraries were
used to work with the sound content.

After starting the application, a form is presented to add individual sounds to the newly
created binaural scene. In addition to the possibility of adding the sound file itself, it is
necessary to provide many parameters that describe the entire binaural scene, including its
component files and time dependencies. The idea is to enable playing sounds at a specific
time, in sequence or in parallel, and to determine the direction of sound movement towards
the listener. Therefore, in the main application form, some parameters define the behaviour
and features of the selected sound in the scene, such as its movement speed or looping. The
following fields are available here:

— The initial position of the sound source relative to the listener, determined by coordinates
X, y and Z The listener is located at point 0, 0, O in space, and it is directed in the direction
of negative values on the Z axis.

— The final position of the sound source relative to the listener, determined by coordinates
X,yand Z

— the speed vector of the source movement in the three-dimensional space, determined by
the value x, y and z. The values in the speed vector determine how fast sound moves
along each axis. It is very important that the parameters in the speed vector should match
the parameters of the initial and final position of the sound so that the direction of the
velocity is the same as the direction from the starting point to the end point.

— GAIN - sound volume, the default value is 1 - representing 100% of sound volume,

— sound pitch, directly proportional to the speed of its playback, the default value is 1 -
representing 100% of the pitch. As sound reproduction improves, its height increases.

— the time of starting sound playback, expressed in seconds from the beginning of the scene,
the default value is 0. If we want sound to join the scene at a specific second, we can set
this parameter to a positive value.

— looping sound - a double selection button that determines whether sound playback is to
be repeated.

The main form of the application is presented in figure 3.

With the method described above, by completing subsequent forms and choosing files,
many sounds can be added to the scene. However, the situation may arise when the user does
not want to enter the parameters for each sound manually. In this case, he can create a CSV
file, for example, in Excel. The user can thus enter parameters for all sounds at once according
to a set scheme, and then load the data from this file into the program. The CSV file structure
corresponds to the fields mentioned above in the form. Thus, in the subsequent columns,
user can give: the path to the file, three coordinates of the starting point of the sound, three
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1® Sound Scene Generator

Select a Wave File Selected file: none

Sound source initial position

Sound source speed

0 y 0 z 0
Gain 1
pitch a (] Loop the sound
Add sound Delete all sounds from the
Listen to sound Stop play

Save scene to file

Figure 3: The graphical interface of sound scene generator.
(Source: own study).
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coordinates of the sound direction, three coordinates of the sound speed vector, sound volume,
pitch sound, the time of its launch expressed in decimal parts of a second and the value of 1
OUB 0 indicating whether the sound is to be looped.

After creating the whole scene, the user can listen to it. It is recommended to listen to the
scenes with headphones, as this allows the user to experience the full quality of the binaural
scene. To listen to the scene or stop it, use the appropriate buttons. The last button saves the
entire scene to a separate sound file recorded using the binaural technique.

3.3 Audio scene development

The binaural scene generator was used to produce three examples of scenes representing
simple situations that a BI may encounter in the city. These were the following scenes:

— Scene S;: The user goes along the street. She/He may listen to the sounds of cars driving
from the back to the front and from the front to the back on her/his left side. Additionally,
the sound of passers-by in front of the user may sometimes be emitted. The user also
hears the sound of his own steps and the sound of hitting a white cane on the pavement.

— Scene S,: The user is approaching the street bend. On his left and in front of him, the user
hears the sound of driving cars. Cars move from the back to the front of the left side of
the listener, then turn and move from left to right in front of the listener. Other cars move
from right to left in front of the listener and then change direction and move from the
front to the back on the left side of the listener. As in a previous scene, the user also hears
the sound of his own steps and the sound of hitting a white cane against the pavement.

— Scene S3: The user is in front of the pedestrian crossing through the intersection. As in
the S scene, the user hears the sounds of cars driving on his left and from the back to the
front. In addition,/he hears the sound of traffic lights (quick taps) in front of him, meaning
that a green light is currently shining, which allows him to cross the pedestrian crossing.
In the case of this scene, no sounds of footsteps are heard.

4 Evaluation

The main goal of the evaluation of the created solution was to answer the following questions:

— Do binaural sound scenes give the impression of a real environment so close to realism?
— Can such scenes be used for constructing simulation environments supporting the training
of mobility skills and spatial orientation of the blind individuals?

To answer these questions, we have presented ready-made sound scenes for three blind
users. The blind testers were experienced people who, daily, themselves move in the opening
and have trained skills in spatial orientation. They could listen to each stage five times and
then answer a short survey with the following questions.

— ”What particular sounds do you hear within the presented scene?”

— ”What situation from the real world did you listen to in this scene?”

— "Please rate on a scale of 1 to 10, how much the scene presented is, in your opinion,
similar to the real situation in the environment?”
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— ”What do you suggest to improve in the presented scene to make it closer to realism?”

Additionally, users could provide general comments on the survey.

All users easily recognised the types of sounds in the scene, such as the sound of a car
driving, footsteps, or a cane hitting the pavement. They also had no problem recognising the
situation presented by a given scene, although two testers had comments on the lifts and the
light signalling. Users rated the similarity of such automatically generated scenes to reality
slightly worse (usually 4 out of 10). Such scenes are rather suitable for training basic skills
in recognising the environment before moving on to scenes closer to the realism of those
recorded by nature.

5 Discussion and conclusions

In this work, a solution for automatically creating binaural sound scenes is proposed. These
scenes can then be used to construct simulated environments that support the development
of spatial orientation skills in individuals with visual impairments. Our specific approach
focused on creating simple binaural scenes from basic monophonic sounds. To achieve this,
an application was developed as part of Adrian Wysocki’s engineering thesis [20]. Using this
application, several binaural scenes were generated and tested by three blind users.

The results of the experiments indicate that automatically generated specific sounds in
these scenes are more distinct and less easily drowned out by ambient noise or additional
sounds, which can be an issue with scenes recorded from real environments. For a beginner
user who is just starting to learn spatial recognition through hearing, this approach can serve
as an excellent foundational tool. Therefore, this technique is well-suited for creating initial
sound scenes until users are ready for more advanced scenes created through recording. We
are aware that the application is in a very early prototype state, which means it does not allow
us to create more sophisticated, complex binaural scenes that could be tested in conditions
more similar to real-world conditions. Also, the fact that the scenes were tested by only
three blind users does not provide a broader range of responses or test results. Therefore, the
proposed experiment should be developed in the future by firstly developing a more advanced
application for building binaural scenes on the one hand. On the other hand, more binaural
scenes describing different contexts should be created. Such scenes should be tested by a
larger number of users to make the research results more robust.

Another conclusion is that, in the case of generating binaural scenes with an application, the
process proved time-consuming. This activity requires many attempts, tuning the parameters
of each sound until the desired result is achieved. Recording scenes is, by nature, a faster
method.

However, in the future, we plan to enhance the application to test more scenes. We also aim
to explore separate applications where this method might be more suitable than other solutions,
such as recording scenes from an environment or using libraries designed for computer games.
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