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Abstract: This paper presents a study on the perceived importance of different acoustic parameters of
Binaural Room Impulse Response (BRIR) rendering. A headphone-based listening test was conducted
with twenty expert participants. Three BRIRs generated from simulations of three different rooms
were convolved with a dry speech signal and used as reference audio samples. Four BRIR parameters,
Initial Time Delay Gap (ITDG), Forward Early Reflections (FER), Reverse Early Reflections (RER)
and Late Reverberation (LR) were systematically altered and convolved with a speech signal to
generate the test conditions. A staircase method was used to obtain the threshold at which each BRIR
parameter was perceived as different from the reference audio sample. The average perceived impact
threshold of each parameter was then calculated across the twenty participants. Results show that
RER removal and ITDG extension have a clear impact on the perceptual reverberation of speech audio.
Subjects were less sensitive to FER removal. The effect of LR removal on perceptual reverberation is
hard to distinguish. Therefore, RER and ITDG are of particular importance when designing artificial
reverberation algorithms, whilst more research is needed to understand the perceptual contribution
of LR. Minor changes in FER and LR are less significant.
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With the increasing popularity of Augmented Reality (AR) technologies, research into
the plausible reproduction of virtual acoustic scenes that match the real world has gained
importance [1]. AR experiences typically involve the superposition of virtual visual and

aural elements onto visual and auditory displays that also show the real world (such as the
screen on a mobile phone passing through the video from the camera and AR headphones
that pass through real world audio via external microphones). Consequently, the rendering
of the virtual audio should seemlessly match the real world acoustic for a convincing
experience. Head tracking, binaural filtering using Head Related Transfer Functions
(HRTFs) and artificial reverberation are three factors that contribute to producing a realistic
spatial hearing experience with accurate localisation and timbre [2]. For reverberation in
particular, the development of computationally efficient dynamic reverberation algorithms
is essential to provide plausible virtual acoustic rendering on low-cost mobile devices.

Reverberation is usually described by Room Impulse Responses (RIRs) in acoustics
research. A RIR is the resultant pressure fluctuation measured at a receiving point due
to an impulsive sound source at an arbitrary location in a room [3]. Room auralisation is
achieved through convolution of source audio with a computationally derived or physically
measured RIR [4]. Acoustic parameters that make up RIRs, including Early Reflections
(ERs), Initial Time Delay Gap (ITDG) and Late Reverberation (LR), influence the resultant
perceived reverberation.

It is traditionally thought that in order to match reverberation in AR environments to
real world reverberation, these parameters need to be as close as possible to corresponding
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measured RIRs. Such reverberators should be dynamic, in that the acoustic parameters
should change with the six degrees of freedom movement of the listener. They should also
be rendered using binaural audio techniques for effective spatialisation. The reverberation
proposed in this paper therefore refers to binaural reverberation and the corresponding RIRs
are Binaural Room Impulse Responses (BRIRs); however, rendering with real-world BRIRs
for AR experiences requires prior knowledge of the location that the AR experience will be
consumed. Computational derivation of an unknown room’s acoustic for an AR experience,
for example through visual depth mapping [5] or on the fly acoustic excitation [6] is
challenging and requires a computationally based real-time reverberation model, even if
some room acoustics data are physically extracted through measurement.

Alternatives to direct convolution of source material with BRIRs include the use of
reverberators entirely based on geometric or wave-based acoustic models or feedback delay
networks (FDNs) [7]. Hybrid models that, for example, utilise both FDN reverberation
alongside components of the RIR (such as the late reverberation) can also be conceived.

In reality, AR enabled systems should use portable, low-power mobile computing
devices and reverberation algorithms with low computational complexity [3]; however,
in an effort to simplify artificial reverberation algorithms, it is necessary to understand
the influence of the acoustic parameters on the overall perceived reverberation and the
thresholds of perception for each of these parameters. Parameters with the most perceptual
relevance could therefore be emphasised in the reverberator design and other parameters
given less importance.

It is therefore the purpose of this paper to explore the impact thresholds of parameters
of BRIRs on perceptual reverberation, providing the foundational research for new artificial
reverberation algorithms.

1.1. Composition of Room Impulse Responses

In an enclosed space a proportion of the radiated sound source will be reflected off the
room boundaries and eventually decay due to absorption by the room surfaces or air. Any
impulsive stimulus will rapidly change the nature of the soundfield from being coherent to
partially coherent to non-coherent. Thus, this linear time invariant system is characterised
by a Room Impulse Response, consisting of the following components (shown in Figure 1):

- The Direct Sound (DS): The DS reaches a listeners’ ears directly from the source before
being reflected from the boundaries of the enclosure [8]. Its amplitude is large with
less energy loss relative to the reflections because of the shorter propagation path. Its
function is to transmit sound information and provide the direction of source.

- The Early Reflections (ERs): These are the sound waves that arrive in a temporal
order after being reflected from at least one boundary of the enclosure [8]. They arrive
within typically 10 to 80 ms after the direct sound, and typically constitute up to fourth
order reflections before the soundfield becomes stochastic. Their energy is reduced by
absorption or scattering. The early reflections can increase perceived overall sound
pressure level and sound clarity.

- The Late Reverberation (LR): is a chaotic sound field that consists of diffuse reflec-
tions [8]. It is an exponentially attenuated dense collection of echoes diffusing in all
directions. The echo density is proportional to the square of time. An appropriate
amount of late reverberation can contribute to a sense of spatialisation and fullness,
although too much can destroy the clarity of the sound.

- The Initial Time Delay Gap (ITDG): This is the time period between the direct sound
and the first arriving reflection. ITDG is the main contributor towards the perception
of ‘presence’ [9], an attribute that is recognised as the perceptual sense of feeling
boundaries of an enclosed space [10]. It is the hearing-equivalent of ‘seeing’ the walls
of aroom [11].
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Figure 1. Representation of a room impulse response.

If a binaural dummy head is used to record the impulse, then the resultant IR is known
as a Binaural Room Impulse Response (BRIR) and contains both the room characteristics
and spectral and temporal binaural cues. Binaural auralisation therefore uses two channels
to simulate the binaural listening experience typically over a pair of headphones but also
over loudspeakers using cross-talk cancellation methods [12].

1.2. Perception of Different Binaural Room Impulse Response Parameters

Many experts have conducted in-depth research on the perceptual properties of room
acoustics and their relation to binaural parameters. Hartmann studied whether the ability
to localise sound in a room depends on room acoustics or on the nature of the source
signal. His research showed that the localisation of sources with strong attack transients is
independent of room reverberation time, although it may depend on the geometry of the
room. For sources without strong attack transients, the localisation increases monotonically
with the spectral density of the source [13]. This auditory localisation was conducted
in a room with a single acoustic reflecting surface whose position changed to simulate
floors, cellings and left or right walls. He measured the steady-state interaural time
difference (ITD) and interaural intensity difference (IID) cues available to subjects in
different room structures, and compared these data with perceptual judgement [14]. He
found that the precedence effect can help the localisation of sound in rooms, but it cannot
eliminate all influences of room reflections. Further, the influence of reflections may cause
large interaural intensity differences in a room, which have a considerable impact on
localisation [15].

Hyde [16] observed that a short ITDG generally indicates an important contributing
factor to acoustical quality in a hall through discussing its relation to acoustical intimacy.
Beranek [17] reported that the listener’s impression of the size of a hall is determined by
the time delay of the first major reflection after the direct sound. He also observed that
halls that have intimate acoustics had ITDG values at or shorter than 20 ms, and that the
shorter the ITDG, the more intimate the experience [17]. He also stated that with a short
ITDG, more reflections can occur in the first 80 ms after the arrival of the direct sound, and
more early reflections contribute to a greater feeling of intimacy [18].

Research has also shown the relevance of early and late reflections for speech per-
ception in reverberant rooms [19]. The reflections modify the perception of the sound,
changing the loudness, timbre and most importantly, the spatial characteristics of the
sound [20]. Early reflections are important for localisation of the sound source and to give
a listener an impression about the size and the shape of the room, as well as about the place
and the orientation of the listener inside the room [21]. Early reflections arriving with the
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first 50 ms after the direct sound are integrated for directional cues rather than perceived
separately [19]. If late reflections are too weak, a RIR can sound dry. If the late reflections
are too strong, the sound is confusing and unintelligible. When a RIR has appropriate
strong late reflections, under certain conditions, early reflections have a conducive effect on
recognition accuracy and a sense of space [19]. Golzer and Kleinschmidt [19] investigated
the importance of certain portions of the impulse response in different contexts. They
evaluated the importance of early and late reflections for the accuracy of automatic speech
recognition and determined the effective time cutoff between conducive and detrimental
portions of the impulse response. They found that when a harmful late portion is re-
moved, early reflections up to a certain critical delay time can carry useful information and
contribute to the automatic speech recognition accuracy, and for different room impulse
responses, the cutoff time is in the range of 25 to 50 ms [19].

Lindau [22] et al. evaluated physical predictors of the mixing time in binaural room
impulse responses. The certain transition time from early reflections to late reverberation
tail is called mixing time [23]. By adaptively changing the mixing time in real time, the
audible transition time into a homogeneous late reverberation tail can be determined to
reduce the length of binaural impulse response [22].

The above research indicates that ITDG, early and late reflections can affect audi-
tory perception in a reverberant environment, but the contribution of each component of
the BRIR and the thresholds of perceptibility under different reverberant conditions still
remains uncertain.

The paper is organised as follows. Section 2 presents experimental materials and
methods. The experimental results are presented in Section 3. Section 4 discusses the
results and Section 5 gives the conclusions of this experiment.

2. Materials and Methods

The perception of reverberation relates the actual intensity of a sound source in a
reverberant room to the perceived intensity. When a parameter of a BRIR changes, the
reverberation effect of the BRIR will change, but this change may not be detected by
the listener. Each of the aforementioned parameters of an impulse response needs to be
tested for perceptual thresholds so that they can be regarded as important or not in the
development of artificial reverberation algorithms.

2.1. Experimental Stimuli

A listening test was designed to measure the perceptual thresholds of four BRIR pa-
rameters, Reverse Early Reflection (RER) removal, Forward Early Reflection (FER) removal,
Late Reverberation (LR) removal and Initial Time Delay Gap (ITDG) extension of three
different rooms. Since in the study of artificial reverberation the RIR is usually divided into
two parts, one including direct sound and early reflections and the other including late
reverberation [24], DS was not used as a parameter for the measured threshold in this study.
Forward Early Reflection (FER) removal has been implemented through the removal of
the initial reflections with subsequent tests removing further reflections forward from the
initial reflections of the BRIRs. The opposite scenario, known as Reverse Early Reflection
(RER) removal is achieved when the latest early reflections (those just before the LR) are
removed first, and at each subsequent test render, we traverse further backwards towards
the direct sound, removing the earlier reflections. LR cut off is called LR removal and ITDG
extended is labelled ITDG extension. A half of a 64-point Hanning window, equivalent to a
0.726 ms transition at 44.1 kHz sample rate, is applied to the transitions between silence
and the impulse response to smooth the truncations in RER removal, FER removal and LR
removal. The schematic figure to explain these parameters is indicated in Figure 2, where a
BRIR with 0.31 s reverberation time is given as an example. Figure 2a presents the BRIR
with an extended ITDG of 50 ms. Figure 2b is the same BRIR with ERs reversely cut off by
50 ms. Figure 2c presents the BRIR with ERs forward cut off by 50 ms. Figure 2d shows the
BRIR with LR cut off by 465 ms.
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Figure 2. The explanation of changing different BRIR parameters, including RER removal, FER
removal, LR removal and ITDG extension. (a) Cut off ERs reversely by 50 ms on the original BRIR.
(b) Cut off ERs forward by 50 ms on the original BRIR. (c) Cut off LR by 465 ms on the original BRIR.
(d) Extend ITDG by 50 ms on the original BRIR.

Three BRIRs (with 0.31 s, 0.91 s and 1.51 s reverberation time) generated in ODEON [25]
were used as the reference impulse signals as shown in Figure 3a—c, and their time frequency
spectra are shown in Figure 4a—c, respectively. ODEON is regarded as a useful tool for
research in objective and subjective room acoustics [25]. Further, 10 s, 44.1 kHz exponential
sine-tone sweeps [26] were used to generate the BRIRs and the HRTF implemented in
ODEON was Subject 21 from the CIPIC database [27]. The speaker was placed 4 m away
from the front wall of the reverberant room, with the listening position at 0 degrees, 13.5 m
from the source. The absorption coefficient was varied by changing the material of the
room surface, thus the BRIRs for different reverberation times were measured in the same
room model. The materials used in the room surface for different reverberation times are
described in Table Al in Appendix A. The room model used was a cuboid with a length,
width and height of approximately 22 m, 16 m and 10 m, respectively. A brief segment of
anechoic male speech audio was used as the test signal as shown in Figure 3d. The segment
is two-channel anechoic audio of 2.6 s length. Its sample rate is 44.1 kHz and bit depth is
24 bit. The listening test reference audio samples were generated by convolving these three
BRIRs with the anechoic male speech audio.
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Contrast BRIRs were generated by changing one of the identified acoustic parameters
of the reference BRIRs from above four variable acoustic parameters (RER removal, FER
removal, LR removal and ITDG extension). These altered BRIRs were convolved with the
same anechoic male speech audio to generate the contrast stimuli.
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Figure 3. The BRIRs and the test signal used in the listening test. (a) The BRIR with 0.31 s reverbera-
tion time. (b) The BRIR with 0.91 s reverberation time. (c) The BRIR with 1.51 s reverberation time.
(d) The dry male speech audio signal.
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Figure 4. The time frequency spectrum of the BRIRs used in the listening test. (a) The time frequency
spectrum of the BRIR with 0.31 s reverberation time. (b) The time frequency spectrum of the BRIR with
0.91 s reverberation time. (c) The time frequency spectrum of the BRIR with 1.51 s reverberation time.

2.2. Experimental Design

Three different reverberation times and four acoustic parameters were employed to
evaluate changes in perceptual thresholds of reverberation, so the whole experiment is
divided into three groups and each group includes four parts as shown in Table 1. All
12 parts were presented in a random order and a 30 s rest time is set between each part to
reduce fatigue and experimental error caused by sustained concentrated listening.

The measurement of perceptual thresholds for each parameter was established using
an AB blind test [28] and the staircase method [29]. An AB blind test is a method that can
compare two sensory stimuli to judge detectable differences between them [28]. Sample
‘A’ as a reference audio sample and sample ‘B’ as a test audio sample are provided to
a subject. The subject compares ‘A’ and ‘B’ and then judges them as the same or not,
providing the responses ‘Yes’ or ‘No’. Staircases usually begin with a detectable difference
between a reference and test stimulus. This difference is then reduced with predetermined
repeat intervals until the participant provides a negative response. At this point, the
staircases reverse and the difference increases with predetermined repeat intervals until the
participant makes a different response again, triggering another reversal. Predetermined
repeat intervals can be set to be the same or different, and this process can be repeated
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as needed, until the stimuli reach an asymptotic level. Then, they hover around the
plateau as long as the conditions remain unchanged [29]. The staircase method has three
predetermined conditions, the start point, the step sizes and the stop point. In this listening
test, participants were asked to listen to and compare reference audio samples to audio
samples rendered with a single variable acoustic parameter. They responded “Yes’ or ‘No’
to the question ‘Are audio samples A and B the same?’.

This experiment involves threshold detection for four BRIR parameters, RER, ITDG,
FER and LR. The extended start points of ITDGs were empirically set to 40 ms as it was
quite apparent to the authors that the effect could clearly be heard at this large interval for
all rooms. Similar to ITDG, the reverse removal start points of ERs are all set as 50 ms, and
the forward removal start points of ERs are all set as 35 ms. Reverberation time is closely
related to LR, so there are great differences in removal start points of LRs for BRIRs with
different reverberation times. Through listening and confirmation of pilot tests, thresholds
that produced clearly distinguishable differences from the reference reverberation were set
as LR was removed by 465 ms for the BRIR with short reverberation time (0.31 s), 780 ms
for the BRIR with medium reverberation time (0.91 s) and 1250 ms for the BRIR with long
reverberation time (1.51 s), respectively. By averaging these results, the removal start points
of LRs were set as 465 ms for the BRIR with short reverberation time (0.31 s), 780 ms for
the BRIR with medium reverberation time (0.91 s) and 1250 ms for the BRIR with long
reverberation time (1.51 s), respectively.

The step sizes are not fixed. They are adjusted according to the experimental results.
The initial step sizes are 5 ms in ITDG, RER and FER tests. After three “Yes’ responses
appear, the step sizes are adjusted to 3 ms, and after five “Yes’ responses appear, the step
sizes are adjusted to 1 ms. For LR tests, the test start point is large with initial step sizes set
to 10 ms. After three “Yes’ responses appear, the step sizes are adjusted to 5 ms, and after
five “Yes’ responses appear, the step sizes are adjusted to 3 ms.

There are two kinds of stop conditions. One is to decide the end point at several trials
after a predetermined number of “Yes’ responses, as this experiment presumes an initial
response of ‘No’. The other is to decide a fixed end point through a predetermined number
of trials. Obviously, the greater the number of trials, the more reliable the results will be,
but also the more time will be consumed to conduct the test. In consideration of reliability
and economy of time, these two kinds of stop conditions are combined for each part. In this
experiment, after the participants give five ‘Yes” answers, one stop condition is triggered if
they continue to carry out ten trials, or the other stop condition is triggered after thirty fixed
trials. If the number of trials in one part does not reach thirty, the first stop condition will be
enabled. After the stop condition is triggered, the last ten values of reversals are averaged
to obtain the resolution threshold. Figure 5 uses an example to illustrate the start point,
step size, stop point and threshold calculation, and Table 1 describes the predetermined
conditions of each test part. Since the stopping conditions are the same for all 12 parts (5
"Yes” add 10 trials or 30 trials), they are not presented and repeated in the table.

Table 1. The experimental design and corresponding predetermined conditions of the staircase
method (Same stop condition is 5 “Yes” add 10 trials or 30 trials).

Parts 1 2 3 4
Groups (RER Removal) (ITDG Extension) (FER Removal) (LR Removal)
1 start point: 50 ms 40 ms 35ms 465 ms
(0.31 s reverb time) step size: S5msto3mstolms S5msto3mstolms 5msto3mstolms 10 msto5 msto3 ms
2 start point: 50 ms 40 ms 35 ms 780 ms
(0.91 s reverb time) step size: S5msto3mstolms Smsto3mstolms S5msto3mstolms 10msto5msto3ms
3 start point: 50 ms 40 ms 35 ms 1250 ms

(1.51 s reverb time) step size: 5msto3mstolms 5msto3mstolms S5msto3mstolms 10msto5msto3 ms




Appl. Sci. 2022, 1,0 90f 24
RERs (1.51s)
50 [ Xx—>Start point
‘— RER threshold 10.5ms
451 X
40 X
1 35+ X
= J» Step size (5ms)
30+ ,
E
=25} X
20 ¢ X X
15 | X O X Step size (3ms) Step size (1ms)
X
10 - - e X X Koo X X )
0 5 10 15 \'20 " 25 fo
Trials End point

The fifth ‘Yes’-response

Figure 5. The illustration of predetermined conditions of staircase method.

2.3. Experimental Setup

The listening test was conducted online. The hardware used was the test subjects’
own personal computer or laptop and a pair of ‘Beyerdynamic DT990 Pro” headphones.
Subjects were instructed to conduct the experiment in a quiet listening environment.

The experimental software used was a custom listening test application generated by
Appdesigner (a MATLAB environment for application development [30]) by the author.
The application’s operation interface is shown in Figure 6. Participants can click the ‘Play
A’ or ‘Play B’ button to play reference audio samples or contrast audio samples, and then
click the “Yes” or ‘No’ button to make a response. The ‘Previous’ or ‘Next” button can be
used to come back to the previous trial or go to the next trial.

2.4. Subjects

Twenty participants were recruited, all classified as expert listeners according to the
ITU-R BS.1543-3 recommendation [31]. Each participant was paid to take part in the
test which lasted about 1 h. All participants were over 18 years old. Participants were
not asked to report their gender. All of these participants come from the AudioLab or
music related majors at the University of York and Beijing Contemporary Music Academy.
The participants were informed of the purpose of the experiment and the protocol of the
experiment prior to conducing their trial.

This study was approved by the University of York Physical Sciences Ethics Committee
and participants provided informed consent before taking part.
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Figure 6. The operation interface of the listening test software.

3. Results

The test data are shown in Tables A2 and A3 in Appendix A. Those data marked
with the red colour are the maximum values that the parameters can be changed in this
experiment, which means that the participant cannot distinguish any differences between
the reference audio samples and the contrast audio samples when the corresponding
parameters change, so the maximum values are regarded as the corresponding thresholds.
Conversely, those data marked with the blue colour are the minimum values that the
parameters can be changed in this experiment, which means that the participants can
distinguish the nuances between the reference audio samples and the contrast audio
samples when the corresponding parameters change. The minimum values are therefore
regarded as the corresponding thresholds.

3.1. ANOVA Test
3.1.1. Data Presentation and Outlier Removal

An ANOVA test is used to analyse whether the reverberation time has a significant
effect on the threshold of perceptual reverberation. Because RER removal data do not con-
form to a normal distribution, and LR removal data do not conform to normal distribution
or homogeneity of variance, the two groups of data use non parametric tests i.e., a Kruskal
Wallis ANOVA test. However, the data of FER removal and ITDG extension use an ANOVA
parametric test.

The outliers of above raw data are removed first. Figure 7a—d are the box plots of RER
removal thresholds, ITDG extension thresholds, FER removal thresholds and LR removal
thresholds, respectively, and their corresponding outliers are displayed. The data with
outliers removed are listed in ascending order in Tables A4 and A5 in Appendix A. Average
values, standard deviation values and standard error values of each parameter type are
calculated. Those data marked in green are the average values of each parameter type,
marked in yellow are the standard deviation values and marked in blue are the standard
error values of each parameter type.
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Figure 7. Box plots of the thresholds of RER removal, ITDG extension, FER removal and LR removal.
(a) RER removal thresholds. (b) ITDG extension thresholds. (¢) FER removal thresholds. (d) LR
removal thresholds.

3.1.2. Analysis of Room Differences

Table 2 includes the ANOVA test results of RER removal, ITDG extension, FER removal
and LR removal. From these AVOVA test results, the p value of RER removal thresholds is
bigger than 0.05, so there is no significant difference in the three groups of RER removal
thresholds with 0.31 s, 0.91 s and 1.51 s reverberation time, respectively. This means that
reverberation time will not affect the final average threshold of RER removal. Similarly,
reverberation time will not affect the final average thresholds of ITDG extension and FER
removal. However, the p value of LR removal thresholds is smaller than 0.05, so there is a
significant difference in the three groups of LR removal thresholds with 0.31 s, 0.91 s and
1.51 s reverberation time, respectively. It means that reverberation time will affect the final
average threshold of LR removal.
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Table 2. The ANOVA test results of RER removal, ITDG extension, FER removal and LR removal
(Values marked with * indicate significant differences).

DF =2 RER FER ITDG LR
Significance Level = 0.05 Removal Removal Extension Removal
(K;Ig;l&) 0.1093 0.1692
Signif(i;ali}to (i;/fgzrence N N
p value 0.3901 *3.84768 x 1012

(Kruskal-Wallis ANOVA)

Significant difference

(Kruskal-Wallis ANOVA N Y

3.2. Results Analysis for Each Parameter Type

The thresholds with outliers removed in each parameter type are analysed as percent-
ages. Figures 8 and 9 provide the percentage of each impact threshold range of RER and
FER removal on perceptual reverberation, respectively. The data in Figure 8 show that
for BRIRs with 0.31 s, 0.91 s or 1.51 s reverberation time, most thresholds that influence
participants’ perceptual reverberation distribute between 0 and 30 ms, and about half of the
thresholds are concentrated in 10-20 ms. Further, 26.3% of the thresholds are concentrated
between 0-10 ms with 0.31 s reverberation time. These illustrate that when the RER is
only removed a little, the reverberation difference can be clearly perceived, so people are
sensitive to the RER of BRIRs.

Figure 9 shows that the threshold distribution of FER removal is concentrated in
20-50 ms. These prove that the effect of FER removal on perceptual reverberation is weaker
than RER removal. When the change of FER is within 20 ms, the effect of FER removal on
perceptual reverberation is negligible.

As shown in Figure 10, even though the thresholds of ITDG extension almost evenly
distribute between 0 and 50 ms, when ITDG is extended for a few milliseconds, participants
can clearly perceive the reverberation difference. Overall people are easy to distinguish the
impact of ITDG extension on perceptual reverberation.

Finally, reverberation time of BRIRs can influence the time of LR removal, so the
ranges of parameter change are relatively large. As Figure 11 shows, for short reverberation
time, the threshold distribution concentrates in 400500 ms, at 0.91 s reverberation time,
most resolution thresholds distribute 750-850 ms, and most thresholds concentrate in
1250-1350 ms. As shown in Figures A1-A3 in Appendix B, the grey impulse responses are
the original impulse responses and the red impulse responses are the impulse responses
with LR removed. Through calculation, the time length of the LR is 465 ms for the BRIR
with 0.31 s reverberation time, 1329 ms for the BRIR with 0.91 s reverberation time and
1920 ms for the BRIR with 1.51s reverberation time. A distinction is made here between the
length of the LR and the reverb time to avoid confusion as to why the length of the LR is
greater than the reverb time. This means that only when a large amount of LR is removed,
the perceptual reverberation can be affected clearly, so it is hard for people to distinguish
the difference of perceptual reverberation caused by LR removal and the impact of LR
removal on perceptual reverberation is not serious.
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Figure 8. Impact thresholds of RER removal on perceptual reverberation shown as a percentage of

threshold ranges for BRIRs with three different reverberation times.
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Figure 9. Impact thresholds of FER removal on perceptual reverberation shown as a percentage of

threshold ranges for BRIRs with three different reverberation times.
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Figure 10. Impact thresholds of ITDG removal on perceptual reverberation shown as a percentage of
threshold ranges for BRIRs with three different reverberation times
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Figure 11. Impact thresholds of LR removal on perceptual reverberation shown as a percentage of
threshold ranges for BRIRs with three different reverberation times.

3.3. The Average Threshold Analysis of Each Parameter Type

In order to obtain generic impact thresholds of these parameters on perceptual re-
verberation, appropriate average thresholds are necessary. The error bars of the average
thresholds of each parameter with different reverberation time are presented in Figure 12.
The error bars indicate the standard error of test data without outliers of each parameter
type. As shown in Figure 12a, the average impact thresholds of RER removal are 15.81 ms,
17.49 ms and 18.18 ms corresponding to 0.31 s, 0.91 s and 1.51 s reverberation time, respec-
tively. For FER removal, as shown in Figure 12b, the corresponding average thresholds for
these three reverberation time are 27.68 ms, 34.33 ms and 34.6 ms. Its average thresholds are
higher than the average threshold of RER removal, so its effect on perceptual reverberation
is less than RER removal. When ITDG is extended, as shown in Figure 12¢, the average
thresholds are 18.37 ms, 25.21 ms and 30.75 ms, respectively. As shown in Figure 12d,
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Figure 12. The error bars of the average thresholds distribution with standard errors of each parameter
for different reverberation times. (a) The error bar of RER removal. (b) The error bar of FER removal.
(c) The error bar of ITDG extension. (d) The error bar of LR removal.

3.4. The Standard Deviation Analysis of Each Parameter Type

As shown in Tables A4 and A5, the standard deviation of RER removal thresholds
are 10.38 ms, 4.37 ms and 6.01 ms corresponding to 0.31 s, 0.91 s and 1.51 s reverberation
time. The standard deviation of FER removal thresholds are 9.35 ms, 11.14 ms and 13.72 ms,
respectively. The standard deviation of ITDG extension thresholds are 12.62 ms, 13.89 ms
and 19.39 ms, respectively, and the standard deviation of LR removal thresholds are
27.59 ms, 50.64 ms and 44.10 ms, respectively. Through the above data comparison, RER
removal, FER removal and ITDG extension are less discrete compared with LR removal.
The results mean that with the exception of LR removal, the distribution of the other three
parameters is more concentrated, and for LR removal, some people can distinguish the
difference of perceptual reverberation clearly while other people hardly distinguish the
difference of perceptual reverberation.
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4. Discussion

Through the analysis of the collected data, according to Tables A4 and A5 in
Appendix A, the maximum thresholds of LR removal at a long reverberation time ap-
pear most frequently. Further, some maximum thresholds of LR removal appear at a
medium reverberation time. Although the maximum LR removal threshold does not occur
at short reverberation times, the average LR removal threshold for the short reverberation
time is close to its LR length. The results suggest that people’s perception for LR removal is
therefore insensitive, and that only when LR is completely or almost entirely removed are
people able to perceive a difference to the reference reverberation.

Through analysis, RER removal and ITDG extension have the most influence on
perceptual reverberation of the parameters assessed. ERs improve speech intelligibility
by increasing the loudness of the direct sound [32]. Table A6 in Appendix A shows a
comparison between the energy corresponding to the reference BRIR versus the BRIR
with early reflections removed at different reverberation times. The energy values were
computed through integrated Loudness according to EBU R 128 standards [33] (in Loudness
Units relative to Full Scale (LUFS)) and the ITU-R BS.1770-4 [34] (still refers to Loudness,
K-weighted, relative to full scale ‘LKFS’, but LKFS and LUFS are equivalent). ITU-R
BS.1770-4 [34] also defines that the LKFS unit is equivalent to a decibel in that an increase
in the level of a signal by 1 dB will cause the loudness reading to increase by 1 LKFS. It can
be seen that the energy of the BRIR is reduced by approximately 0.6 to 3 LUFS when the
FER or RER is removed at the corresponding threshold (the one exception is that the energy
of the RER removed increases by approximately 1 LUFS at 0.31 s reverberation time). It is
shown in [35] that listeners can distinguish a change in sound level of about 1 dB in their
most sensitive sound level range (about 35 to 80 dB SPL). So the difference one hears when
the early reflections are removed may be due to a difference caused by the level.

For a speech signal, the ERs are limited to around 50 ms. For RER removal under
different reverberation times, their average resolution thresholds are from 15 ms to 18 ms.
This means that when ERs are reversely removed 30% to 36%, people can perceive the
change of the reverberation. For FER removals under different reverberation time, their
resolution thresholds are from 27 ms to 34 ms. When ERs are forward removed over 50%
to about 68%, people can perceive the change of the reverberation. Compared with FER
removal, RER removal should be a greater consideration when designing reverberation
algorithms. When ITDG is extended by about 18-30 ms, the difference of reverberation
can be perceived clearly. To contextualise, research shows that ITDG is typically in the
range of 20 ms to 60 ms in a large concert hall and from about 8 ms to 27 ms in chamber
music halls [36]. ITDG extension thresholds of 18-30 ms is enough to affect the perceptual
reverberation, so ITDG should be another major consideration in designing artificial rever-
beration algorithms. For LR, the average thresholds measured at different reverberation
times are 435 ms, 771 ms and 1276 ms, respectively. Before a difference was perceived, the
LR was more than halved at all three reverberation times, and at 90% removal for the short
reverberation time, suggesting that people are less sensitive to the reverberation difference
of male speech signals caused by LR changes. Therefore, to a certain extent, in the design
of reverberation algorithms, it is not necessary to give priority to some small changes in
the later reverberation, if these changes do not have major impact on the perception of
reverberation overall. Theoretically, expert listeners and those experienced with acoustic
experiments can more accurately distinguish the impact of BRIR parameters on perceptual
reverberation. Therefore, with the test data provided by them, the calculated average
threshold should be lower than the generic average threshold of the public, so their average
threshold should represent the generic threshold.

Overall, comparison of the above four BRIR parameter types reveals that RER and
ITDG require most attention in the design of artificial binaural reverberation algorithms.
Slight changes in FER and LR need not be over considered.

However, because of the limitation of test time and hearing fatigue, this experiment just
used male speech as the test signal. Actually, these parameters may have different effects on



Appl. Sci. 2022,1,0

17 of 24

perceptual reverberation of different audio signals. Therefore, further experiments should
test a variety of different noise and musical stimuli to further test the influence of BRIR
parameters on perceptual reverberation. Furthermore, this experiment is a static binaural
reverberation parameter test rather than a dynamic one, so further experiments should also
include head tracked conditions.

Furthermore, due to the COVID-19 pandemic environment, some experimental pa-
rameters were not controlled across subjects. This listening test was conducted online, so
the listening environment, the type of headphones (although advised), and the volume
of audio samples were dependent on the preference of the test subject. This should be
avoided in the future experiments.

5. Conclusions

The purpose of this experiment was to find out the average perceptual thresholds of
four BRIR parameters to represent the generic thresholds on perceptual reverberation, and
determine whether these parameters have significant impact on perceptual reverberation.
The measurement of these thresholds lays a foundation for the realisation of more idealised
artificial reverberation algorithms, which can be applied in AR scenarios to create more
plausible reverberation effects. This research makes the following conclusion through the
measurement and the analysis for ITDG, FER, RER and LR:

- The average thresholds of RER removal are 15.81 ms, 17.49 ms and 18.18 ms corre-
sponding to 0.31 s, 0.91 s and 1.51 s reverberation time, respectively. The average
thresholds of ITDG extension are 18.37 ms, 25.21 ms and 30.75 ms. The reverse re-
moval of ERs and extension of ITDG causes relatively obvious effects on reverberation
perception of speech audio, so RER and ITDG should be focused on when designing
artificial reverberation algorithms.

- Theaverage thresholds of FER removal are 27.68 ms, 34.33 ms and 34.6 ms, respectively,
for each reverberation time. Generally, subjects were less sensitive to FER removal;
therefore, FER is less of a concern when designing a reverberation algorithms.

- The average thresholds of LR removal are 435.52 ms, 771.16 ms and 1276.9 ms, respec-
tively. LR removal has a small influence on perceptual reverberation, so when achiev-
ing an artificial reverberation algorithm, small changes in LR may not be significant.

- The ANOVA test shows that reverberation time does not affect the thresholds of RER
removal, ITDG extension and FER removal on perceptual reverberation, but the thresh-
olds of LR removal on perceptual reverberation are impacted by reverberation time.

Early reflections are achieved by finite impulse response (FIR) delay lines and late
reverberation by infinite impulse response (IIR) filters. Whilst focusing on hybrid FIR and
IIR filters would certainly theoretically lead to more accuracy, exploiting perceptual sensi-
tivity to reverberation could reduce computational resources for algorithm design. Based
on the experimental findings, it appears that LR removal has a smaller effect on perceptual
reverberation, and although FER does not affect perceptual reverberation as much as RER,
overall ER can have an obvious effect on perceptual reverberation. ITDG can also have a
significant effect on perceptual reverberation. In order to balance reverberation accuracy
and algorithmic efficiency, perceptually motivated reverberation algorithms should focus
on ERs and ITDG. When designing reverberation algorithms, early reflections are achieved
by means of FIR delay lines. More finite impulse responses require more computational
cost, so the number of finite impulse responses can be minimised, depending on the mea-
sured threshold, without affecting reverberation perception. ITDG has a large impact on
perceptual reverberation, so controlling the time period between direct sound and early
reflections as accurately as possible when designing a reverberation algorithm can improve
efficiency in the design.
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Abbreviations

The following abbreviations are used in this manuscript:

BRIR  Binaural room impulse response
ERs Early reflections

FDN  Feedback delay networks

FER Forward early reflections

FIR Finite impulse response

1D Interaural intensity difference
IR Infinite impulse response
ITD Interaural time difference
ITDG [Initial time delay gap

LR Late reverberation

RER  Reverse early reflections

RIR Room impulse response
Appendix A

Table Al. The materials used in the room surface for different reverb times (The material description
for each material number can be found in ODEON [25] ).

Surface Surface Name Material Number Material Number Material Number Area
Number (0.31 s Reverb Time) (0.91 s Reverb Time) (1.51 s Reverb Time) (m?)
1001 Podium floor 70 20 20 78.00
1002 Main audience floor 70 40 20 259.26
2001 End wall behind podium 1004 1004 1004 75.00
—2002 Podium side wall, South + North 1004 1004 1004 58.70
2002 Podium side wall, South + North 1004 1004 1004 58.70
—2003 Side wall, audience area South + North 11,009 11,009 11,009 139.52
—2003 Side wall, audience area South + North 11,009 11,009 11,009 139.52
2004 Rear wall behind audience 1 11,009 11,009 119.04
3001 Podium ceiling 3023 3023 3023 84.50
3002 Ceiling over audience 3023 3023 3023 256.00
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Table A2. The test threshold data of each participant (unit: ms).

Parameter Types
0.31s 0.31s 0.31s 0.31s 091s 091s

Participants ITD(-;

1 27.5 17.9 20.7 380.1 36.3 24.5
2 21 8.9 17.3 415.3 14.7 27.7
3 38.5 34.7 39.3 464.5 26.9 37.1
4 20.7 65 35.7 450.5 21.7 33.7
5 13.9 17.1 239 435.1 15.9 23.3
6 12.3 9.3 22,5 268.3 18.3 24.7
7 3.3 19.3 20.5 400.5 1.3 7.7

8 7.3 12.1 22.7 380.1 10.5 6.1

9 18.7 14.3 30.1 437.7 18.1 48.1
10 2.7 2.7 5.1 409.5 15.1 129
11 16.3 2.5 31.3 451.9 18.9 40.5
12 2.7 14.5 28.7 4237 15.5 31.3
13 29.9 23.1 40.1 455.3 21.3 25.9
14 13.7 15.1 29.1 464.1 19.1 16.9
15 12.3 16.5 29.1 429.7 9.1 30.5
16 51.5 51.7 36.7 464.5 61.7 45.1
17 12.5 31.5 35.3 440.5 18.7 15

18 253 27.1 29.9 464.1 21.1 17.9
19 28.1 30.3 411 463.2 443 433
20 12.5 0.5 14.5 444.5 149 5.5

Table A3. The test threshold data of each participant (unit: ms).

Participants

1 32.7 731.9 24.7 65 25.9 1310
2 29.7 730.9 17.5 13.3 28.3 950
3 33.7 830 32.7 50.7 49.1 1310
4 45.3 830 22.3 65 46.7 1310
5 229 803.3 18.1 13.7 22.7 1195
6 27.3 696.5 17.7 18.9 40.5 950
7 32.9 804.9 6.3 40.7 40.5 1291.1
8 21.5 652.5 15.7 3.7 19.9 950
9 28.3 744.9 15.1 3.1 247 1282.1
10 20.3 756.7 17.7 20.5 9.5 1252.1
11 20.7 787.1 22.3 15.3 441 1310
12 34.9 820 14.1 46.7 30.7 1310
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Table A3. Cont.

Parameter Types
091s 091s 1.51s 1.51s 1.51s 1.51s
ITDG

Participants
13 60 752.3 15.3 46.7 60 950
14 47.3 782.5 24.5 27.3 34.9 1259.3
15 44.9 830 10.7 313 49.1 1310
16 40.9 798.7 59.7 49.3 49.7 1275.1
17 39.3 818.1 19.9 26.1 50.1 1310
18 39.7 759.5 119 27.7 25.3 1260.5
19 46.3 796.9 47.3 44.5 22.7 1283.7
20 17.9 696.5 20.7 55 17.5 1161.5

Table A4. The test threshold data with outliers removed for each parameter type are arranged in
ascending order, and their average values, standard deviation values and standard error values

(unit: ms).
0.31s 0.31s 0.31s 0.31s 0.91s 091s
Parameter Types RER ITDG FER LR RER ITDG
Removal Extension Removal Removal Removal Extension

2.1 0.5 5.1 1.5

2.7 2.5 14.5 380.1 9.1 55

2.7 2.7 17.3 380.1 10.5 6.1

3.3 8.9 20.5 400.5 14.7 7.7

7.3 9.3 20.7 409.5 14.9 129

12.3 121 22.5 415.3 15.1 16.9

12.3 14.3 22.7 423.7 15.5 17.9

12.5 14.5 23.9 429.7 15.9 23.3

12.5 15.1 28.7 435.1 18.1 245

13.7 16.5 29.1 437.7 18.3 247

13.9 17.1 29.1 440.5 18.7 259

16.3 17.9 29.9 4445 18.9 27.7

18.7 19.3 30.1 450.5 19.1 30.5

20.7 23.1 31.3 451.9 21.1 31.3

253 27.1 35.3 455.3 21.3 33.7

27.5 30.3 35.7 463.2 21.7 371

28.1 31.5 36.7 464.1 26.9 40.5

29.9 347 39.3 464.1 43.3

38.5 51.7 40.1 464.5 45.1

411 464.5 48.1
Standard Deviation 10.38 12.62 9.35 27.59 4.37 13.89
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Table A5. The test threshold data with outliers removed for each parameter type are arranged in
ascending order, and their average values, standard deviation values and standard error values

(unit: ms).
091s 091s 1.51s 1.51s 1.51s 1.51s
Parameter Types FER LR RER ITDG FER LR
Removal Removal Removal Extension Removal Removal
17.9 652.5 6.3 31 9.5
20.3 696.5 10.7 37 17.5
20.7 696.5 11.9 5.5 19.9
21.5 730.9 141 13.3 22.7
229 731.9 15.1 13.7 22.7 1161.5
27.3 7449 15.3 15.3 24.7 1195
28.3 752.3 15.7 18.9 25.3 1252.1
29.7 756.7 17.5 20.5 259 1259.3
32.7 759.5 17.7 26.1 28.3 1260.5
329 782.5 17.7 27.3 30.7 1275.1
33.7 787.1 18.1 27.7 349 1282.1
349 796.9 19.9 31.3 40.5 1283.7
39.3 798.7 20.7 40.7 40.5 1291.1
39.7 803.3 22.3 445 441 1310
40.9 804.9 22.3 46.7 46.7 1310
449 818.1 24.5 46.7 49.1 1310
453 820 24.7 49.3 49.1 1310
46.3 830 32.7 50.7 49.7 1310
47.3 830 65 50.1 1310
60 830 65 60 1310
Standard Deviation 11.14 50.64 6.01 19.39 13.72 44.10

Table A6. Comparison between the energy corresponding to the reference BRIR versus the BRIR with
early reflections removed at different reverberation times (the amount of early reflection removal
corresponds to the measured threshold in this paper).

Reverb Time 0.31s 091s 1.51s
Energy (LUFS)
Reference BRIR —22.4044 —19.436 —19.3806
BRIR with FER removal —24.4902 —22.4524 —20.9696
reference-FER removal 2.0858 3.0164 1.589
BRIR with RER removal —21.0237 —20.0485 —20.0019

reference-RER removal —1.3807 0.6125 0.6213




Appl. Sci. 2022,1,0

22 of 24

Appendix B
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Figure A1. The time length of the LR for the BRIR with 0.31 s reverberation time.
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Figure A2.

The time length of the LR for the BRIR with 0.91 s reverberation time.
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Impulse response (Remove LR) (1.51s reverberation time)
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Figure A3. The time length of the LR for the BRIR with 1.51 s reverberation time.
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