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Abstract

This paper explores the effect of spatial auditory mask-
ing of early reflections, based on the model on the
saliency of early room reflections previously proposed by
Brinkmann et al., in measured spatial room impulse re-
sponses (SRIRs). The model has the goal to reduce the
amount of data without loss of perceptible acoustic infor-
mation of the room. The study uses previously published
functions for the determination of the direction of arrival
of reflections from measured SRIRs, the calculation of
the auditory masking of the early reflections and the re-
moval of the irrelevant reflections. The results of a listen-
ing study with 12 subjects show that the model can be
successfully applied to measured SRIR with listener posi-
tions in front of and behind a directional sound source. It
is possible to reduce the detected early reflections by up
to 40 % without affecting the perceived spatial character-
istics. The amount of possible reduction depends on the
type of listener-source constellation and the orientation
of the sound source to the listener.

Introduction

Given the demanding requirements on augmented and
mixed reality applications, achieving an accurate acous-
tic representation of the user’s environment becomes im-
perative for ensuring immersive experiences. This fidelity
not only facilitates precise localization of sound sources
but also enhances the overall auditory perception within
the virtual space [1]. This requires the acoustic infor-
mation of the environment, which can be computed and
synthesized through models. When simulating rooms,
simplifications of the acoustic environment are often as-
sumed, so that an exact representation in real time is only
possible with a high level of computational effort [2]. A
second way of determining the acoustic information of a
room is to measure a real room. This method allows for
detailed representation of even complex environments, al-
though in the case of dense spatial sampling this leads to
a large amount of room impulse response (RIR) data. In
order to reduce these data volumes, the available acoustic
spatial information must be simplified or reduced. One
effect that can be exploited for this purpose is the mask-
ing of stimuli in human auditory perception. This means
that humans are not able to perceive all the informa-
tion in a sound event, as certain stimuli are impaired
or completely blocked by another stimulus. If such an
effect occurs with room reflections, it is referred to as
room masking. Exploiting this effect aims to remove cer-
tain components of a RIR without perceptible differences
in the perceived acoustic properties of the space or the
sound source [3]. Previous studies have shown that it is

possible to reduce the RIR to five to ten reflections when
using speech as the source signal without significant dif-
ferences being noticeable compared to the original RIR
[4, 5]. Brinkmann et al. observed in [6] that reproducing
six first-order reflections provides a suitable compromise
between computational demands and detailed represen-
tation of the acoustic environment. However, as these
studies were only conducted using simulated RIRs with
source-listener combinations with strong direct sound, it
remained unclear whether a model for reducing reflec-
tions could be applied to measured SRIRs.

Model

The presented model is based on the work of Sakari Tervo
et al. ,,Spatial Decomposition Method for Room Impulse
Responses“ (SDM)|[7, 8] and Brinkmann et al. ,, Towards
encoding perceptually salient early reflections for para-
metric spatial audio rendering“ [6] and is structured into
five main steps:
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Figure 1: Flowchart with the main steps of the model

(i) analysis of the measured SRIR and determination of
the direction of arrival (DOA) of the sound field, (ii) de-
tection of reflections in this sound field, (iii) calculation of
the auditory masking of the early reflections, (iv) removal
of the reflections after selecting the extent and type of re-
duction and (v) binaural synthesis of the SRIRs. For the
analysis of the measured SRIRs and the binauralization
of the SRIRs, the modified SDM of S. Amengual Gari et
al. [8] was used.
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Data set

For the evaluation of the model, a measured SRIR data
set from the listening laboratory at TU Ilmenau was
used as a starting point, from which three measurements
were used [9]. The room has the dimensions b = 7.54m,
!l =8.43m, h = 2.8m and fulfills the requirements of the
ITU-R BS.1116-3 standard [10]. Additionally, acoustic
panels with highly reflective properties were positioned
in the room to enable room constellations with different
geometries and thus different sound propagation. For
the evaluation of the model, the data set was used, in
which a shoebox-room was created with the acoustic pan-
els in order to induce pronounced wall reflections. The
dimensions of the test room are b = 5.94m, [ = 6.93m,
h = 2.8m and therefore result in a room volume of
V ~ 115m?. The mixing time was calculated using the
equation:

Trniz = 0.0117 % V + 50.1 ms] (1)

to Tmiz = b5l.4ms [11, Eq. 14]. To evaluate the
model across various acoustic scenarios, measurement po-
sitions were selected to encompass source-listener situa-
tions characterized by frontal direct sound, frontal direct
sound with strong wall reflections, and indirect sound.
To ensure comparability among different source-listener
combinations, it was considered that the energy-ratio be-
tween direct sound and reflections (DRR) remained iden-
tical across positions. The listener’s gaze direction was
statically aligned in all test cases.

Stimuli

To determine the effectiveness of the model in subsequent
evaluation, SRIRs with varying numbers of reflections are
required. In this regard, a percentage-based gradation of
reflections that were classified as audible by the model
was selected. The absolute numbers of reflections for the
reduction levels of the source-listener combinations can
be taken from Table 1. For the reduction of reflections,
the method proposed in [6], which reduces to the N loud-
est reflections, was employed. Male speech with a signal
duration of tgicna, = 3S was selected as the test signal.

Table 1: Number of reflections for the reduction levels for the
utilized source-listener combinations. For Org, no reduction
of reflections is performed by the model; instead, the original
SRIRs from the SDM analysis are used.

Reduction level | red. in % | Pos1 | Pos2 | Pos 3
Org - - - -
Level 1 100 % 13 16 22
Level 2 80 % 10 13 18
Level 3 60 % 8 10 13
Level 4 40 % 5 6 9
Level 5 20 % 3 3 4
Evaluation

The effectiveness of the presented model was examined in
a listening experiment, where the perception of percep-
tual differences between various reduction levels of early
reflections from measured SRIRs was assessed. Further-
more, participants were queried about their perception of

alterations in acoustic properties, aiming to gain insight
into the influence of the reduction of the early reflec-
tions on the auditory perception of the sound source and
acoustic spatial information. For the evaluation of the
model, a listening test design was selected based on the
recommendation of the ITU-R BS.1116-1 [12] standard.
An adapted version of the ,,double-blind triple-stimulus
with hidden reference” method was employed. Unlike the
suggested approach, the assignment of the reference was
further randomized, resulting in a guessing probability
for the participants of P(HITS) = 33 %. A trail consisted
of two different reduction levels of a source-listener com-
bination, and thus 15 combinations per position and a
total of 45 trails were evaluated per test subject. The
assignment of the selection areas and the order of the
trails were randomized in each run. The browser-based
application ,,AVRate Voyager“ [13] was used as the test
platform. The participants had the ability to indepen-
dently and indefinitely play the signals, although direct
switching between two signals during playback was not
permitted. In addition to selecting the different stimuli,
participants were required to assess a rating scale from
0 to 5, labeled ,no difference - significant difference“ to
indicate their perception of acoustic differences between
the stimuli. The attributes used for evaluation included
Coloration, Reverberance, Position, and Artifacts.

Study protocol

Twelve subjects participated in the listening study (2 fe-
male, 10 male, 3 aged between 25 and 29, 5 aged between
30 and 39 and 2 aged between 40 and 49, average age 38,
8 participated in listening tests before, all participants
had no hearing impairments). The test was conducted
in an anechoic chamber to ensure an undisturbed test
procedure. Wired, open-back over-ear headphones were
used for stimulus playback. Participants could adjust the
playback volume after listening to a sample but could not
modify it during the test.

Analysis and results

To determine the effectiveness of the model, the num-
ber of correctly recognized different stimuli (hits) by the
participants is considered. The percentage of the partici-
pants who were able to achieve a hit is shown in Figure 2
as a function of the reduction level for the source-listener
combination 1 (direct sound). This graph shows that at
least 75 % of the test subjects were able to perceive a
difference between the original and a reduced SRIR of
position 1 and at least 50 % provided a rating for an at-
tribute. Similar results can be observed for position 2
(direct sound with strong reflection) and position 3 (in-
direct sound). At position 2, at least 58 % were able to
achieve a hit and 42 % providing a rating. Remarkably, at
position 3, all participants achieved a hit when compar-
ing the original SRIR to reduction level 1, but only 42%
gave an assessment of the attributes. This behavior could
be attributed either to random hits or to the existence of
minimal differences between the stimuli that the partic-
ipants were unable to classify. In addition, it is notable
that across all positions, the disparity between hits and
hits with ratings diminishes as the number of reduction
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levels increases. This observation suggests that the dis-
cernible differences between adjacent levels are minimal,
potentially leading participants to refrain from providing
detailed assessments regarding the alterations in acoustic
characteristics.
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Figure 2: Heatmap displaying the percentage of correctly
identified stimuli (hits) by the participants. Upper triangular
matrix: number of all hits; lower triangular matrix: number
of hits where at least one attribute rating < 1 was given.

In order to determine the influence of the reduction of
early reflections on the perceptibility of acoustic changes,
the number and distribution of the ratings given for the
attributes were analyzed. For this, only ratings associ-
ated with hits were considered. For position 1, at least
40 % of the participants provided ratings for the attribute
Coloration and Reverberance for stimulus pairs contain-
ing the original SRIR. Additionally, the number of rat-
ings for the attribute Position increases with the incre-
ment of the reduction level, reaching 50 % at level 5. This
indicates that during the reduction of early reflections,
some participants perceived a change in the timbre of
the signal, as well as a modification in the perceived re-
verberance of the room. Furthermore, with a significant
reduction, the perception of the source position was also
influenced. It is noticeable that when comparing the re-
duced stimulus pairs, only sporadic participants provided
ratings for the attributes. This may be attributed to the
minimal change in the absolute number of early reflec-
tions across different reduction levels for position 1.

A similar distribution of the number of ratings for the
stimuli pairs can be observed for position 3, but it is
notable that for stimulus pairs with reduction level 5, a
higher number of ratings were provided compared to po-
sition 1. As such, up to 58 % of participants reported a
change in Coloration, up to 67 % perceived a shift in Posi-
tion, and at least 25 % indicated a modification in Rever-
berance. The abrupt increase in the number of changes
between reduction levels 4 and 5 suggests that a threshold
of possible reflection reduction may have been exceeded
at level 5. When considering the absolute number of early
reflections in the RIRs, it can be observed that for posi-
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tion 3, the number of reflections is Ref,qq = 9 at level 4
and Refyqy = 4 at level 5, indicating that the threshold
determined by Brinkmann et al. in [6] of six reflections
has been exceeded. By exceeding this threshold, it is
possible that a significant alteration in the acoustic char-
acteristics of the room and the sound source becomes
perceptible.

When considering the number of ratings for position 2,
it can be observed that the attributes Coloration and
Reverberance were chosen more frequently for reduced
stimulus pairs compared to positions 1 and 3. It is no-
ticeable that for stimulus pairs with level 4, except for
pair 3/4, between 52% and 92 % of the participants pro-
vided ratings for these attributes. This indicates that the
greatest number of selected ratings occurred for stimulus
pairs with reduction level 4. This pattern is similarly ob-
served in the attribute Position, suggesting a threshold
range of early reflections necessary for undisturbed per-
ception of the acoustic parameters between Re fggo = 10
and Ref99 = 6 for this source-listener combination.

In the final part of the analysis, the distribution of rating
counts for the attributes is examined. It reveals that for
position 1, the highest ratings were assigned to stimulus
pairs containing the original RIR, particularly for the
attribute Coloration shown in Fig. 3.
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Figure 3: Illustration of the distribution of the ratings for
the attribute Coloration for the stimuli pairs from position
1. Median (dark blue), upper and lower quartile, upper and
lower whisker (last value that is not an outlier) and outliers
(values above 1.5 times the inter-quartile range) are shown.

From the Figure 3, it can be observed that the median
of the ratings lies between 0 and 1.5. This suggests that
the participants perceived only a slight change in the
attribute Coloration. For the stimulus pairs with the re-
duced signals, the median for all pairs is 0. Only a few
ratings above 0 were provided, which are considered out-
liers in this analysis. A similar distribution of ratings was
observed for the attribute Reverberance Here, the maxi-
mum median rating is 1 for the comparison between the
original and the SRIR reduced to level 5. Regarding the
attribute Position, the most significant change was rated
with a median of 0.5, while for the attribute Artifacts, all
stimulus pairs have a median rating of 0. When consid-
ering position 3, a similar distribution to that of position
1 can be observed. Accordingly, the highest ratings, with
a maximum median of 1, were awarded for the attribute
Coloration. However, it is noticeable that higher ratings
were given for stimulus pairs with level 5 than for other
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reduction levels. This behavior corresponds to the evalu-
ation of the absolute hit counts and the number of ratings
provided, bolstering the assumption that a threshold of
necessary reflections was surpassed when reducing reflec-
tions from level 4 to level 5.

When examining the distribution of attribute ratings for
position 2, it is evident that significantly greater differ-
ences between stimuli were noted. Particularly in the
comparison of reduced stimuli, higher attribute ratings
were provided by the participants compared to other po-
sitions. Additionally, there is an increase in ratings for
the attributes Coloration and Reverberance in the stim-
ulus pairs with the original RIR up to reduction level 4.
In this case the change in timbre was given a median rat-
ing of 1.5 and the reverberation of the room a rating of
2. This reinforces the assumption that a threshold was
exceeded when reducing the reflections from level 3 to 4,
which leads to a perceptible change in the room acoustic
properties.

Conclusion

By conducting a psychoacoustic study with 12 partici-
pants and analyzing the collected data, it was observed
that at least 40 % of the participants could discern a dif-
ference between an original SRIR and an SRIR where
early reflections were proportionally reduced by the pre-
sented model. However, the ratings of the acoustic at-
tributes indicate that the reduction of reflections up to a
certain threshold only has a minimal influence on the per-
ceived characteristics of the acoustic environment. Thus,
a reduction of the detected early reflections by 40 % for
the source-listener combination with indirect sound rep-
resents a suitable compromise between reducing data vol-
ume and affecting the perception of the acoustic proper-
ties of the room and the source. Additionally, thresh-
old values were identified where further reduction of re-
flections can lead to a noticeably perceivable change in
the acoustic properties. These values vary for different
source-listener combinations and range between 10 and
4 early reflections. This confirms the threshold values
determined in previous studies [6, 4, 5].

Since the objective of the model is to achieve reduction
without affecting the acoustic perception of the environ-
ment, future work should focus on adjusting the function
for calculating auditory masking within the model. The
model was also only evaluated in simple acoustic environ-
ments. Thus, the effectiveness of the model in complex
rooms or dynamic scenes is uncertain and should be in-
vestigated in future studies.
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