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ABSTRACT

Human echolocation is a method mainly used within the
blind community to navigate using sound emission and analysing
the returning echoes from the surrounding environment. Echolo-
cation is predominantly trained by orientation and mobility
instructors at visual rehabilitation centres. However, systematic
guidelines or protocols focusing on the requirements of room
acoustic simulations to accurately represent the auditory cues
necessary in a virtual training environment for echolocation
have not yet been developed.

This paper sets out to investigate the use of geometrical
acoustic (GA) calculations for a virtual echolocation training
system comparing the measurements from the Benchmark for
Room Acoustical Simulation (BRAS) dataset with other GA
calculations outcomes. Three simple and one complex test
scenes are chosen from the dataset. The calculation settings are
optimised for each test scene considering the complexity of the
scene, room volume and acoustic phenomena.

The monaural room impulse responses from the simulations
are analysed with respect to the timing of the reflections and the
level relations between the reflections and the resulting frequency
response for each scene. These are subsequently compared with
each measured counterpart. The paper discusses the results,
their limitations, and provides recommendations on the use of
GA calculation tools for echolocation training scopes.

INTRODUCTION

All people with normal hearing possess the ability to
use echolocation but, because sighted individuals learn about
their environments visually, they often do not readily perceive
echoes from nearby objects. Human use of echolocation is
normally associated with blind individuals and there are well

T Joint first authors
*Corresponding author: jonaskarlberg @hi.is

known examples of blind individuals that have successfully
mastered this ability. Most notable are Daniel Kish and Ben
Underwood. Daniel Kish and his organisation have taught a
form of echolocation to at least 500 blind children around the
world. Echolocation is predominantly trained by orientation and
mobility instructors at visual rehabilitation centres[1, 2]. Nicole
Holmes proposed a guideline protocol for echolocation training
describing different test scenarios with increasing complexity[3].

Globally, there are 285 million visually impaired people,
whereof 39 million who are blind. A recent survey among
people with visual impairment in Norway (N=736) found that 50
percent of the respondents could be considered lonely, where 20
percent had a high degree of loneliness. The incidence of feeling
lonely is substantially higher than in the general population,
in all age groups. Another significant finding is that many
visually impaired people avoid seeking help because they find it
shameful not be able to manage on their own. By acquiring the
skill of echolocation, blind people can become more self-reliant,
self-directed and less dependent on the aid from others. This
can substantially increase their confidence, autonomy, sense
of dignity and freedom, and make it easier to participate and
contribute to the society[4—6].

There is a large difference between how individuals learn
echolocation and some are born with much better orientation
skills. Hence, some visually impaired people have been able to
become highly proficient in using the echolocation technique
while there are others that have not[7, 8].

This paper investigates the use of GA algorithms and their
ability to preserve the important auditory cues for use in a virtual
echolocation training system.

Auditory cues for human echolocation

In this section a brief overview from a selection of research
within the topic of auditory cues used in human echolocation

Copyright © 2022 by ASME



is presented. For further reading summaries by Kolarik et al.
2014 and Thaler & Goodale 2016 are found in Ref. [8] and [6]
respectively. From the summary by Kolarik et al. 2014 the
following cues were presented:

1. Loudness and the energy relation between emission and
echo.

2. Time separation pitch, also known as repetition pitch, which
is the time between emission and echo. Time separation
pitch lay in the range of 1 to 30 ms.

3. Change in timbre or pitch, which is the frequency domain
equivalent of time separation pitch. The changes in the
frequency spectrum occur due to interference from the re-
turning echoes.

4. Time differences between the ears of the receiver. This is
especially important at high frequencies. These cues can be
helpful for localising objects.

5. Changes in the reverberation pattern of a reverberant room
due to objects placed in such room.

For the investigations in this paper cues 1-3 are considered.

Several studies state that, in general, blind individuals are
found to be better at echolocation than sighted ones[6]. There
are studies that suggest that blind individuals have enhanced
spectral processing capabilities compared to sighted individuals
which can be one explanation for this[9-13]. In a study by
Muchnik et al. 2009 it was reported that blind individuals
trained in echolocation were able to detect the separation of two
sounds, with a silent gap in between, down to a separation time
of 5 ms[14].

The emission from mouth-clicks usually have peak frequen-
cies in the range of 3 to 8 kHz stated in Ref. [6] as reported
by [15, 16]. The frequency range of use in echolocation and
its important cues are reported to be above 2 kHz[17, 18].
Participants in studies by DelLong et al.[19] and Hausfel et
al.[20] reported that the main cues for determining material
properties of an object were pitch and timbre changes.

A virtual echolocation system was implemented by [21].
However, the modelling of room acoustics was absent in this
project. On the other hand, Picinali et al.[22] conducted a se-
ries of studies on spatial reconstruction of achitectural spaces
also through a VR interactive application, finding that head track-
ing and dynamically choosing the navigation speed is crucial in
helping participants understand the spatial configuration of the
environments and the location of sound sources. In a distance
comparison task, they found no significant differences between
the real and virtual navigation modalities. Therefore, adding vir-
tual acoustics to a training system could add flexibility, in terms of
designing virtual test environments, as well as putting the partic-
ipant and the sound sources, in this virtual scene, into a familiar
context i.e. the perception of sound in a room.

Geometrical acoustics

Ray tracing is a common technique used in modelling
of wave propagation where emitted sound from a source is
represented as a ray and its propagation following the reflection
laws from geometrical optics. The use of computer modelling in
room acoustics was introduced by Schroeder et al. in 1962[23]
and later implemented by Krokstad et al. in 1968[24, 25]. In
stochastic ray tracing modelling a Dirac impulse is emitted from
a sound source for every ray, carrying a specific energy. When a
ray hits a boundary, such as a wall, it changes its path and loses a
portion of its energy while travelling in the new direction. The
energy loss is decided by the assigned material of the reflecting
surface. The receiver in the simulation can be modelled either
as a volume or a surface. A volumetric sphere represents
an omnidirectional microphone with no spatial information.
In order to capture the spatial information either two points
need to be modelled or a set of points, creating a microphone
array for spherical harmonic representation of the sound field[25].

The image source method is based on the creation of
virtual mirrored sources where the direct sound and incoming
reflections to the receiver are added[26]. With this approach
phase information is included by adding the complex spherical
wave amplitude to the histogram. The image sources are created
up to a defined reflection order. For example, using a reflection
order of two implies that mirror sources are created for the first
order image sources.

The secondary source method has been developed to calcu-
late the late part of the impulse response (IR) tail[27]. In this
approach, a secondary source is created on each surface where
rays from an image source hit the boundary. The secondary
source from the surface point can be considered to radiate as a
hemisphere[28].

The room acoustic calculation software ODEON uses a
hybrid approach for the creation of the IR where an image
source method and early scattering method are implemented for
the early part of the IR and a ray radiosity method based on
secondary sources for the late part. More information regarding
these methods can be found in Ref. [28] and ODEON user’s
manual[29].

In classical ray tracing methods, phase is not part of the
calculation. However, the image source method, often used for
the early part of the IR calculation, captures this in theory. A
method for creating the late part of the IR with phase information
is described in Ref. [30, 31].

In short, geometrical acoustics using ray tracing is a simplifi-
cation of the physical phenomena and several different approaches
in GA have been developed. In-depth information of the different
approaches can be found in various literature such as Ref. [25, 32].

Benchmark for Room Acoustical Simulation

The Benchmark for Room Acoustical Simulation (BRAS)
dataset, prepared by Aspock et al. 2019, consists of several
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reference scenes isolating acoustic phenomena such as single and
multiple reflections as well as diffraction. In addition to these
controlled laboratory cases several existing rooms of different
size and complexity are included as well[33, 34].

METHOD

Two GA algorithms were chosen for calculation of room
impulse responses (RIRs). One is based on classical raytracing
as implemented by Kulowski[35] using volumetric receivers.
The other is the commercial software ODEON' which uses a
combination of ray tracing methods for the different parts of
the IR. For the early part a combination of the image source
method and an early scattering method is implemented. For the
late reflections the secondary source method is used together
with the ray-radiosity approach. The calculated RIRs were
then compared against the ones provided by the BRAS dataset.
Since timing and energy relation of the reflections are some of
the important factors in the presented auditory cues for use in
human echolocation these are the objective measures which were
studied. The analysis of the differences is hence focused on the
arrival time and energy of the reflections in time domain and the
resulting frequency response.

The BRAS dataset acted as the comparison reference for the
simulated RIRs. Hence, the following provided data was used in
the simulations:

* values for absorption, scattering, air humidity and tempera-
ture

* RIRs
* 3D geometry models
* source and receiver descriptions

Three simple scenes, with emphasis on an isolated acoustic
phenomena, and a complex scene were selected for this study.
The simple scenes were the single and multiple reflection cases,
Scene 2 and 3 (named RS2 and RS3 in Ref. [34]), situated in an
anechoic environment with a rigid plate acting as the reflector
and the the diffraction case, Scene 5 (named RS5 in Ref. [34]),
situated in a hemi anechoic environment with a rigid wall placed
between the direct path of the source and the receiver. These
scenes were chosen to study the timing of the incoming rays
to the receiver and how the corresponding frequency response
is affected. The complex scene Scene 9 (or CR2 in Ref. [36]),
a small unfurnished seminar room, was chosen to observe the
overall trends in time and frequency domain. The source-receiver
pairs used for the comparison were LS02 and MPO2 for Scene 2
and 9, LSOI and MPOI for Scene 3 and 5. The scene models were
prepared by importing the SketchUp models into Rhino 7 and
there creating a new model with simplifications such as removing
the thickness of the plates in Scene 2 and 3 as well as the plates
mounting stands. In Scene 9 the 3D model was simplified by
removing detailed features such as the radiators and the sink. A
box shaped room was created for Scene 2, 3 and 5, and assigned

LODEON Auditorium version 17.

with absorption coefficient of 1 to suppress any reflections from
these boundaries. The dimensions for these boxes were 10 x 10
X5m,20x20x5mand 11 x 6 x 5 m for Scene 2, Scene 3
and Scene 5 respectively. For the diffraction case, being a hemi
anechoic scene, the floor was assigned the material provided
in the surface description package. An overview of the used
materials for each scene and their absorption and scattering
values can be seen in Tab. 3.

In Tab. 1 the calculation settings used in ODEON for the
simulated test scenes are shown. Air temperature and humidity
settings were set as provided by the dataset. The number of early
rays was set using the Precision setting in the Room setup-dialog
with a number of early rays set to 500. The source directivity
was modelled as a Genelec 8020b loudspeaker (8020c in BRAS
reference) for Scene 2, 3 and 5, and as an omnidirectional source
for Scene 9.

TABLE 1: CALCULATION SETTINGS FOR ODEON

Transition Order | 4
Number of late rays | 16000
Number of early scatter rays | 500
Oblique Lambert scattering | activated
Angular absorption | disabled
Reflection based scatter | disabled
Screen diffraction | activated in scene 5

In Tab. 2 the simulation settings used with the classical ray-
tracing algorithm are shown. Air absorption per meter coeffi-
cients in octave bands at 10% relative humidity steps for 20° C,
were retrieved from Ref. [37]. Interpolation between values was
not applied at this stage. The source directivity was modelled as
omnidirectional.

Data processing

Following the previously stated auditory cues used in echolo-
cation an objective evaluation of the time signal was carried out
with respect to the timing of the peaks in the IR as well as their
level relation. The data processing steps was inspired by the
method used by Brinkmann et al. from the publication [38]. All
data was processed and analysed in MATLAB using the signal
processing toolbox” and ITA Toolbox by the Institute of Tech-
nical Acoustics (RWTH Aachen University)[39]. The IRs were
loaded in MATLAB using the audioread and ita_read routines.
In order to extract a monaural IR in ODEON the Surround ex-
port option was used with one virtual loudspeaker defined, set
at the center of the receiver position. It was found that this type
of IR generation in ODEON adds a delay to the signal, which
might mean that the speaker is not effectively placed where set
by the user. However, when studying the arrival time from the
echogram in ODEON these values were correct if compared to
the measurements. Hence, the direct sound was aligned3 to the
BRAS measurement for the ODEON IRs using ita_time_shift.

2MATLAB version R2022a (9.12.0.1884302).
3Shifted -8.8 ms.
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TABLE 2: CALCULATION SETTINGS FOR CLASSICAL RAYTRAC-
ING

| Scene 2 & 3 | Scene 9

Number of rays 10° 10°
Receiver radius 0.3m 0.3 m
Source Directivity omni omni

Scene 2 - Single reflection. The IRs were cut at 35 ms,
bandpass-filtered and normalised to the max level of the IR using
ITA toolbox. The frequency range of the bandpass-filter was set
to 125 — 8000 Hz with a filter order of 10.

For the time analysis the peaks in the IRs were detected using
findpeaks where the signals were normalised to the absolute max
value of the signal. The detection thresholds were set using the
MinPeakProminence option. The time offset between the first
reflection and direct sound (FR-DS) was extracted and analysed
with respect to the reference.

For the relative level analysis the IRs were squared and
summed +0.5 ms around each peak. The level difference AL
was then calculated according to Eq.1.

AL =10xlogio(La,1/Lr,1) —10x logio(Lap2/Lr2) (1)

Where L, | and L, | are the summed level of the direct sound
and reflection for the reference signal and L, and L, » for the
compared signal respectively.

Scene 3 - Multiple reflections. The IRs were cut and
bandpass-filtered using the same routines and values as in Scene 2
with the exception of the cutting time which was set to 200 ms.

Scene 5 - Diffraction. In this scene the simulations were
performed in ODEON since the classical raytracing algorithm did
not include modelling of diffraction. The IRs were bandpassed
as previously explained and cut at 35 ms.

Scene 9 - Small seminar room. The IRs were cut at 1.5 s
and bandpass-filtered using the same routines as previous scenes.
The scene had air humidity of 41.7 % and temperature 19.5° C.
In the classical raytracing the air humidity was set to 40 % and the
air temperature to 20° C. For the evaluation of the reverberation
time 75 the routine ita_roomacoustics_parameters was used.

RESULTS

The results from each test scene are presented in the
following sections.

In order to assess the reliability of the results with the clas-
sical raytracing method, five simulations with identical settings
were launched for each scenario and the results prior to IR gen-
eration were also inspected. The simulations were not repeated
with ODEON at this stage since ODEON requires the user to
change settings prior to launching a new simulation.

Scene 2 - Single reflection
In Fig. 1 the simulated and measured IRs for scene 2, single
reflection case, are shown. In Tab. 4 the calculated time and level
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FIGURE 1: THE PROCESSED IMPULSE RESPONSES FROM
SCENE 2

difference are shown. FR-DS shows the difference in ms between
the first reflection arrival and direct sound arrival. For the BRAS
reference, this value is 6.848 ms. The time difference At with
respect to the reference timing is shown for both the classical
raytracing method and ODEON, as well as their percentage with
respect to the reference (At / FR-DS).

The arrival times are close to the measured reference with a
deviation of less than a tenth of a millisecond. For the classical
raytracing the small deviation could be explained by the differ-
ence in air humidity settings (47 % relative humidity in ODEON
and BRAS versus 50 % in classical raytracing). In this test scene,
the level of the direct sound in the reference is slightly lower than
the level of the reflection. This is due to the directivity of the
loudspeaker, oriented towards the plate. In the classical raytrac-
ing simulation using an omni source the peak of direct sound is
increased due to the extra contribution from the radiation proper-
ties. This is seen in the level difference and can be an explanation
for the difference between the algorithms performance®*. Another
probable cause for the difference in the results is the different
scattering implementations in the algorithms, where the classi-
cal raytracing uses random scattering, thereby not achieving as
many receiver hits as with the vector based scattering method in
ODEON.

With respect to the classical raytracing simulation robust-
ness, it was found that the standard deviation between the levels
at all frequency bands across five simulations was less than 0.5 dB.

In Fig. 2 the frequency responses for the bands 250—-2000 Hz,
single reflection case, are shown. The differences in response
across octaves can be attributed to the fact that if a ray is scat-
tered, its direction will go randomly, causing more ray dispersion
than from the vector based scattering in ODEON. Moreover, the
scattering coefficient is frequency dependent.

A simulation using an omni source was performed in ODEON and the resulting
level difference was AL = —6.45 dB which is closer to the result for the classical
raytracing algorithm.
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TABLE 3: ABSORPTION AND SCATTERING COEFFICIENTS USED IN THE SIMULATED SCENES. VALUES ARE PRESENTED AS ABSORP-

TION | SCATTERING IN %

Scene # Material 63 Hz 125 Hz 250 Hz 500 Hz 1000 Hz | 2000 Hz | 4000 Hz | 8000 Hz

23&5 MDF 25 mm 1.0]5.0 2.215.0 2.115.0 2.815.0 3315.0 3.1154 54176 | 3.8]110.8

2,3&5 | 100 % absorption | 1.0]0.0 1.0]0.0 1.0]0.0 1.0]10.0 1.010.0 1.0]0.0 1.0]0.0 1.0]0.0
5 Tiles 0.5]5.0 1.0]5.0 1.1]15.0 2.0]6.0 2.1185 | 3.0]12.1 | 23]17.1 | 3.0]24.1
9 Ceiling 0.7]5.2 83|74 | 104|105 | 48148 | 49209 | 47]9.6 | 6.2]41.8 | 5.0]59.1
9 Concrete 7.715.0 8.5]15.0 7.515.0 5.6]5.0 59]6.0 59185 | 44]12.1 | 4.1]17.1
9 Floor 8.6]5.0 7.1]15.0 9.1]5.0 7.0]5.0 6.5]5.0 6.2]6.6 43194 | 3.3|13.2
9 Plaster 7.5]5.0 3.315.0 5.0]5.0 3.9]5.0 4.416.6 48194 | 36132 | 2.8]|18.7
9 Windows 223150 | 17.5]5.0 7315.0 49]5.0 57150 | 133154 | 55]7.6 | 5.3]10.8
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TABLE 4: TIME AND LEVEL DIFFERENCE FOR THE SIMULATED
SINGLE REFLECTION SCENE COMPARED WITH THE REFERENCE

Algorithm FR — DS (ms) | At (ms) | % | AL (dB)
BRAS (reference) 6.848|/]/] /
Classic raytracing 6.87510.027 1 0.39% —4.66

ODEON 6.871] 0.023 ] 0.33% -1.35

Scene 3 - Multiple reflections

InFig. 3 the simulated and measured IRs for Scene 3, multiple
reflections case, are shown. In Fig. 4 the frequency responses of
the compared signals are shown. As with the single reflection case
the time arrival of the reflections are modelled accurately, but the
level of the peaks and their decay tail does not align completely
with the reference. Both the difference in source directivity and
scatter modelling can be considered the reason for this outcome.

Similarly to the single reflection case, five simulations were
performed with the classical raytracing method and the raw
data prior to IR generation was inspected. The precise timing
of raytraced contributions was extracted and their deviation
from the average was computed. For these values, the Relative
Standard Deviation (RSD), (o / m.) was found to be fairly low,
with a maximum at 0.18% for the first reflection and less than
0.1% for all other reflections. Within the time range of 200 ms

the standard deviation for the five tests at each frequency band
was below a tenth of a millisecond.

Regarding the robustness of the reflection levels, Fig. 5 shows
the average difference in dB for each octave band of the reflections
with respect to direct sound over time. Itis shown that the standard
deviation and standard error for the five tests slightly increase over
time, from < 1 dB at 100 ms to < 4 dB at 300 ms. Fig. 6 shows in
detail the variation of the standard deviation in dB over time, for
the different frequency bands and the average®. Each reflection by
the opposite plates causes geometrical dispersion and loss of rays,
that are absorbed by the anechoic environment. For instance, of
2M rays shot, less than 2K are recorded by the receiver as direct
sound, about a third of these captures the first reflection, about
a sixth of this third the second and so on, with a progressive
sparsity that soon causes more variability in the results.

Scene 5 - Diffraction
The results in Fig. 7 and 8 show that only the first order
diffraction is modelled by ODEON. Due to the omission of the

5In the Figure two distinct events are plotted at 0.162 and 0.163 s, as well as

0.262 and 0.263 s. This is due to setting 1 ms time bins. Another consequence
of this approach is that only the first 20 reflection events presented enough data
at all frequency bands to be considered for this analysis.
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FIGURE 4: FREQUENCY RESPONSE OF CLASSICAL RAYTRAC-
ING AND ODEON COMPARED WITH THE MEASUREMENT IN
SCENE 3

higher order diffraction contributions, the pattern in the frequency
response is not captured. However, the frequency decay slope
follows the reference.

Scene 9 - Small lecture room

Figure 9, 10 and 11 show the early and late IRs and
frequency responses from Scene 9 respectively. The solid lines
in Fig.11 (gray for BRAS and black for the simulations) are the
frequency responses smoothed to 1/3 octave bands.

In this scene, the arrival time of the direct sound for the
simulated cases is less than the reference. For the classical
raytracing the difference in air humidity and temperature
contributes to this. When calculating the theoretical arrival time
with respect to the source and receiver distance given in the
dataset the arrival time is correct. However, the measurement
was conducted with a loudspeaker array (low, mid, high) placed
at different heights which then causes a slightly longer travelling
distance at different frequencies.

In the early part of the IR ODEON captures the stronger
reflections which are not present in the classical raytracing. Since
the early part of the IR is partly modelled using image sources in
ODEON, this is an outcome of the different algorithm designs.
For the late part the classical raytracing has less energy in the
decay tail whereas ODEON is closer to the measured reference.

In Tab. 5 the derived values for the reverberation time,
T»o, are shown. The difference between the simulations and
reference are shown by AT,y where a positive value indicates an
overestimation and a negative value an underestimation of the
reverberation time compared to the reference. The values are
close to the measured reference with the exception of octave
bands 250, 500 and 2000 Hz for the classical raytracing. For
ODEON the deviation is less than 0.1 s in octave bands 250 and
4000 Hz. The global T59 which is the mean of the octave bands
250 — 4000 Hz matches well with the reference.
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FIGURE 5: REFLECTION TO DIRECT SOUND RATIO IN SCENE 3
FOR FIVE SIMULATIONS

Five classical raytracing simulations were launched to assess
the method’s robustness. 7> values were extracted from both the
processed IR, following the procedure described above, and from
the raw raytracing results, following the procedure described in
Ref. [40]. These results are presented in Table 6. It can be
observed a difference above 0.1 s in the mean values® obtained
from the two procedures only at 4 kHz. However, the standard
deviation o in seconds for the five 7>y values calculated from
the raw results is for all bands significantly lower than that from
the processed IR T, difference visible also in the RSD. Hence,
when using simulation data to train echolocation cues, it should
be accounted that the IR generation process might introduce some
additional uncertainties.

DISCUSSION

From the presented results it can be seen that even for
simple controlled cases it is difficult to accurately represent
a measured counterpart. There are several reasons for this,
some of which have been briefly explained in the previous section.

The modelling of loudspeaker directivity has an impact on
the level relationship of the reflections as seen in the simple
scenes 2 and 3. In the case of multiple reflections more energy
is transmitted to the panel located behind the loudspeaker and
thereby an increase of level for the incoming reflections was
expected in the simulations. An explanation can be that due
to the random scattering in the classical raytracing, rays were
lost in the anechoic environment and hence the level relation
suffered. However, this should have happened with less evidence
in ODEON, where vector based scattering and directive source is
modelled.

%Mean Tho values (m.) where IR denote values that are derived from the pro-

cessed impulse responses and Raw from the raw results.
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TABLE 5: REVERBERATION TIME VALUES FOR SCENE 9 CALCULATED FROM IR

Impulse response origin | 125Hz | 250Hz | 500Hz | 1kHz | 2kHz | 4 kHz | T20,250-4000 (S)
BRAS 1.40 1.63 2.04 1.88 1.70 1.55 1.76
Classic raytracing 1.45 1.77 2.18 1.94 1.42 1.53 1.77
ODEON 1.53 1.65 2.15 2.03 1.82 1.65 1.86
Classic raytracing ATy 0.07 0.15 0.14 0.06 -0.27 | -0.02 0.01
ODEON ATy 0.15 0.02 0.11 0.15 0.13 0.10 0.10

TABLE 6: REVERBERATION TIME ROBUSTNESS FOR CLASSICAL RAYTRACING (N=5)

125 Hz 250 Hz 500 Hz 1 kHz 2 kHz 4 kHz T20,250,4()00 (S)

m. Raw 1.45 1.60 2.15 1.94 1.38 1.70 1.75

m. IR 1.43 1.63 2.18 1.94 1.41 1.52 1.74

o Raw 0.0085 | 0.0019 | 0.0156 | 0.0061 | 0.0021 | 0.0045 0.0032

o IR 0.0744 | 0.0488 | 0.0911 | 0.0248 | 0.0252 | 0.0335 0.0206

RSD Raw | 0.58% | 0.12% | 0.72% | 0.31% | 0.15% | 0.27% 0.18%

RSD IR 521% | 2.99% | 4.18% | 1.28% | 1.79% | 2.20% 1.19%
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FIGURE 6: STANDARD DEVIATION OF REFLECTION TO DIRECT
SOUND RATIO IN SCENE 3 FOR FIVE SIMULATIONS

Another reason for the difference in level relation is due to
the absorption and scattering coefficients which in reality are
angle dependant. For this study, the coefficients were provided
(normal incidence for Scene 2, 3 and 5 and random incidence
deriving from Eyring fitting for Scene 9) and used up to 8000 Hz.
Furthermore, a limitation in practice is that absorption values are
often provided in the frequency range of 125 —-4000 Hz and hence
for calculation of frequencies beyond that limit the calculation
software need to extrapolate or take this into account in some
other way. However, for deriving room acoustical parameters in
room acoustic design these are proven to be sufficient which is
also seen for the classic raytracing approach where 75 aligned
with the reference values.

Phase information is part of the image source method and
ODEON utilises this in the early part of the IR. However, in the

FIGURE 7: IMPULSE RESPONSES IN SCENE 5

late part as well as for classic raytracing in general, the phase is
random and thereby not accurately modelled.

The choice of adopting the Surround option from ODEON
follows the need of retrieving a monaural IR that could be used
for comparison. It was observed that beside an artificial delay, the
Surround wave’ file contained also a different frequency response
when compared to W channel. It was later found that a specific
set of HRTFs provided with the software package could have
been used to simulate monoaural receivers when using binaural
RIRs. A follow-up study would help clarifying the impact of the
auralisation process in the IR generation prior to moving to the
study of binaural RIRs.

Therefore, future studies that adopt GA algorithms to gener-
ate mono or binaural RIRs should take into account the variability
of the simulated outcomes with respect to frequency content and
relative level of reflections. In the study of human echolocation

7File format .wav.
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FIGURE 9: EARLY PART OF THE IMPULSE RESPONSES IN
SCENE 9

cues and spatial reconstruction capabilities, this appears to be
a crucial condition to be met prior to looking at binaural RIR
standard descriptors.

CONCLUSION

In the tested GA calculation approaches, the arrival time of
the reflections are simulated with precision for the simple con-
trolled cases, but for complex rooms with many reflecting surfaces
and different surface properties the tested methods diverge from
the measured reference. Furthermore, due to the many uncer-
tainties implied in adopting angle dependent or fitted absorption
and scattering coefficients and the implementation of scattering
and diffraction in the simulation, the level relations between the
reflections seem to be too easily disrupted within the expected
sensitivity of trained echolocators. With the aim of a very pre-
cise simulated representation of a room, GA approaches suffer
from the limitations set by the actual algorithms as well as the
input data fed into the simulation.
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