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Introduction

Applications like augmented and virtual reality require
controlled creation of virtual acoustic spaces. For perfect
reproduction of a room not only the direct sound and a
few reflections but all reflections need to be rendered and
thus not only the pressure room impulse response (RIR)
but all incidence angles of the reflections in combination
with the RIR, the so-called spatial room impulse response
(SRIR) needs to be known either by simulations or mea-
surements of a real room with a microphone array. If the
virtual receiver is granted the freedom to move in the
room, the matter gets much more complicated since the
SRIR is different at every position in the room. Thus the
question arises how accurately the spatial information in
an SRIR needs to be rendered to create the desired room
impression. In the present work, we focus on the early
reflections.

There is a vast amount of literature available from which
conclusions on the perceptual significance of the early
reflections can be drawn. Some high-level conclusions
were drawn in the literature on concert halls where it
was found that, for example, strong lateral reflections
can increase the apparent source width [1]. Similarly,
the general perceptual properties of manipulated room
responses was investigated in the context of 6-degrees-of-
freedom binaural audio reproduction. The relevant liter-
ature is summarized in [2], and an example of a practical
case study is [3]. Also a number of low-level properties
were investigated. In [8, 10], the audibility threshold for
manipulation of a single reflection was determined. [4]
presents an experiment on the perceptual salience of se-
lected early reflections inside a large set of early reflec-
tions, and [5] presents an experiment on the significance
of non-horizontal information in room responses.

One conclusion that may be distilled from the literature is
that it is not clear at this point what the general thresh-
olds are regarding the required accuracy of the spatial
information for achieving a perception that is indistin-
guishable from the reference. In many cases, the actual
room response may differ considerably from the reference
while the perceptual properties can still be very close to
the reference.

As a complement to especially [8, 10], this work provides
a first insight into the perception of room responses in
which several reflections were modified compared to a
reference. For this, the azimuth of five horizontal early
reflections in a selected room response is manipulated in
the course of a listening experiment in order to find the
median detection threshold, i.e. the angle shift at which

the manipulation becomes audible.

Experiment Design

Stimulus creation

In the course of the presented work, it turned out to be
challenging to identify a suitable SRIR as identification of
reflections in an SRIR is not trivial. Also, alterations of
reflections that were not very prominent did many times
not result in an audible difference. The room impulse re-
sponse that was finally chosen for this study was recorded
in the Audio Lab at the Division of Applied Acoustics at
the Chalmers University of Technology. It is a shoe-box
shaped room with a volume of approximately 46 m? and
a reverberation time of around 0.27 s. The impulse re-
sponse was analyzed and the directional information in
form of the azimuth and elevation angles were determined
using the spatial decomposition method (SDM) [6]. The
first five reflections in the RIR were very prominent and
could be identified as all first order reflections of the room
(see upper and middle plot in Figure 1). All subsequent
reflections were not clearly identifiable due to ambigui-
ties in the detection criteria. It was therefore decided to
investigate alterations of those first five reflections.

The first step in the stimulus preparation was quanti-
zation of the directions of arrival on a Lebedev sphere
grid of 50 points in order to avoid spreading the reflec-
tions in multiple directions that can be a consequence
of the imperfect direction of arrival estimation. Then,
the entire room impulse response was projected onto the
horizontal plane by setting the elevation of all incidence
angles to 0°. This was assumed to help make the per-
ceptual differences due to azimuth angle alterations as
strong as possible. The azimuth angles of the first five
reflections were randomly set to 45°, -60°, 135°, -80° and
-160° (see lower graph in Figure 1), so that no reflections
are lying on the median plane and that the reflections
are distributed over all possible directions the horizontal
plane. The alterations that were applied to the incidence
angles of the reflections were excluded from the quanti-
zation process so that the angular shift could be chosen
freely. The so created RIR was used as the reference
“original” RIR during the listening experiment.

Angle alteration in the adaptive threshold listen-
ing test

The subjects’ task was to differentiate a test signal that
was convolved with the binaural RIR (BRIR) with al-
tered incidence angles of the reflections from the same
signal convolved with the reference BRIR. The direct
sound was always impinging from straight ahead. The
adaptation process started with all five strong reflections
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Figure 1: Used RIR in the time domain with marked first
reflections (upper graph), the extracted directions of arrival
of every sample in the RIR (middle graph) and the adjusted
and quantized angles (lower graph).

squashed to the left-hand side relative to the user’s nom-
inal look direction, which produced a significant percep-
tual difference. Cf. the dotted lines in Figure 2.

The comparison was implemented as an ABX compar-
ison and the adaptation process followed the adaptive
two-up-one-down method. One of the stimuli A and B
was always the reference, and the other stimulus com-
prised the altered incidence angles. If a participant was
able to correctly identify whether the stimulus X was
identical to A or to B twice in a row, the angle shift
of the reflections in the altered stimulus decreased, and
the reflections moved towards the incidence angles in the
reference. However, if the participant did not answer
correctly, the angle shifts of the reflections increased, and
the reflections in the altered stimulus moved farther away
from the reference. Furthermore, whenever the partici-
pant changed from the “up” movement (wrong answers)
to the “down” movement (two correct answers), the step
size is halved, so that the step size decreases in the course
of the experiment. This increases the resolution of the re-
sulting threshold while it reduces the measurement time
as much as possible.

All reflections move with a step size that corresponds
to the same percentage of their maximum shift so that
they all reach their original positions at the same time.
This means that the first reflection, for example, which
is with its original angle of 45° closer to 90° than the
second reflection with an original angle of 135°, has the
same percentage step size as the second one but an ac-
cordingly smaller absolute step size. The starting point
of the adaptation process was placed between the up-
per and lower limit, where a clear difference between the
RIRs was audible. The specific values of the angles as
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well as their absolute step sizes are provided in Table 1.
Non-head-tracked audio examples of the stimuli are avail-
able at!.
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Figure 2: Original angles of incidence of the direct sound
and the five first reflections with their relative levels to the
direct sound. The dotted lines show the angle of incidence of
each reflection at the beginning of the adaptation process.

Table 1: Original and initial azimuth angles and step sizes
for the angle shifting for all five first reflections.

Refl. Orig. angle | Init. angle | Step size
1. 45° 71.74° 0.2647°
2. -60° 29.12° 0.8824°
3. 135° 108.57° 0.2647°
4. -80° 21° 1°

5. -160° 137.64° 0.6471°

Test setup and execution

Prior to the experiment, the reference RIR as well as the
RIRs with all possible first reflection shifts were created,
quantized, and each digital sample is convolved with a
head-related-transfer-function (HRTFs) for the accord-
ing angle of incidence of that sample to create BRIRs
using the implementation of SDM auralization from [7].

The listening test was conducted in a quiet room at
Chalmers University of Technology in Gothenburg, Swe-
den. The participants were placed in front of a computer
screen and the signals were presented via headphones
with head tracking. The RIRs were tested with both,
a speech signal and a drums signal as test signals that
were convolved with the BRIRs. This was done using
a block-based real-time overlap-add convolution of the
BRIRs with the test signals to be able to quickly adjust
between the original and the adjusted BRIRs during the
comparison of the signals. This way, the participants
were able to directly compare the original and adjusted
RIR without interruption and without restarting the test

Thttp://www.ta.chalmers.se/research/
audio-technology-group/audio-examples/daga-2023b/



signal. Each participant started with a short training
session, followed by the two main experiments, the ABX
threshold test once with the speech and once with the
drums signal. Each test was completed after 8 reversals
or interrupted in case the participant reached the upper
limit of the adaptation range. A more detailed descrip-
tion of the test setup and the generation of the signals
can be found in [11].

Participants

The experiment was performed by 20 people, 13 of them
experienced and very experienced and 7 without any
prior experience with listening tests. The age of the sub-
jects ranged from 23 to 46 years with a mean age of 28.95
years. All subjects reported to have normal hearing.

Results and Discussion

The result of the individual listening tests are two adap-
tion curves per subject, one for the speech and one for the
drums signal. An example of such an adaptation curve
can be seen in Figure 3, where the given angle shift values
on the y-axis refer to the biggest shift of the five individ-
ual angle shifts (this is done for simplicity and is the same
for all visualizations that only show one angle shift). The
angle shift threshold for a test subject and one test signal
was determined to be the average of the angle shifts of the
last four reversal points of the measurement curve (filled
circles in Figure 3). The length of the individual tests as
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Figure 3: Listening test curve for the second participant and
the speech signal.

well as the time needed to complete them varied strongly
between the 20 participants. The number of tails until
the convergence point was reached differed from 22 up to
44 trails and the time needed was in a range of 4 min for
the fastest person up to 30 min for the slowest person.
The median angle shifts as well as the 25th and 75th per-
centiles and outliers for the speech and drums tests are
displayed in Figure 4. For simplicity, only the biggest
angle shift of the five reflections (the fourth reflection) is
plotted in the graph. The corresponding median angle
shifts of all five reflections can be seen in Table 2 and
are visualized in a polar plot together with the original
angles in Figure 5.

It can easily be seen that the median angle shift of the
speech and the drums signal are very similar, even though
the percentiles and the outliers vary in a bigger range for
the speech signal than for the drums. Since the order of
the two test signals was randomized for each participant,
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Figure 4: Median and the 25th and 75th percentiles of the
thresholds for both the speech and the drum signal. The
whiskers extend to the extreme values up to 1.5 times the
interquartile range and outliers are marked with a cross.

Table 2: Median angle shifts of all five reflections for the
speech and the drum signal at the measured threshold.

Refl. || Shift speech | Shift drums
1. 4.53° 4.33°

2. 15.11° 14.45°

3. 4.53° 4.34°

4. 17.13° 16.38°

5. 11.08° 10.6°

this is not a result of a training effect. Instead, it is
assumed that the transients in the drums signal could
have helped the participants to hear the reflections more
distinctively and thus helped to distinguish the signals
more consistently. However, all outliers except for one are
caused solely by inexperienced listening test participants.

When analyzing the found thresholds the first step was
to determine if all five adjusted reflections would in fact
be individually audible in the RIR. This was done by
comparing the relative levels of the reflections with the
estimated audibility thresholds of the five reflections us-
ing [8] (at 10 ms after the direct sound). It was found that
all reflections should lie above their estimated thresholds,
thus should individually be audible and could all influ-
ence the perception. Together with the direct sound, all
of the five reflections lie in the range between 1 ms and
50 ms and thus in the area of the precedence effect. Ac-
cording to this law, the localization of the sound should
not be influenced by the reflections but they can influ-
ence the spatial extend, tone color and the feeling of the
center of gravity [9]. This is in accordance with the infor-
mal feedback of some subjects who reported the biggest
perceptual difference for them was the change of gravity.

The thresholds found in this experiment lie in the range
between 4.3° to and 17.1° for the five reflections. These
thresholds can be compared to a similar examination
in [10], where the authors obtained the maximum an-
gle shift of a single side reflection in a RIR that was not
distinguishable from the original non-shifted reflection.
The median angle shift found for the reflection originally
coming from 70° was 22° and thus similar to the 16.38°
and 17.13° median angle shifts found in this work for the
fourth reflection with the biggest angle shift. Addition-
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Figure 5: Original angles of incidence of the direct sound
and the first five reflections with their relative levels to the
direct sound. The dotted lines show the median angle shift
thresholds for each reflection for the speech signal.

ally, the fourth reflection has an original incidence angle
from -80° and is hence comparable to the one from [10]
at 70° in terms of the amount of localization blur at this
angle (even though left-right mirrored). This comparison
allows the possibility that the found angle shift thresh-
old could entirely be caused by the biggest angle shift
only while the other reflections with their smaller an-
gle shifts could have been inaudible. That the threshold
found in this work is a few degrees lower than in [10]
could be due to differences in the test design. However,
the smaller angle shift threshold could also indicate that
the other reflections or at least one other reflection had
an influence on the perceived difference and thus both
reflections can be shifted closer to their original angles
than it would have been possible for them individually.
In order to limit the experiment duration, the angle shift
threshold of the fourth reflection was not determined in
this study. However, this step, as well as collecting a
formal subjective feedback from the participants, could
be implemented in a follow-up experiment to better un-
derstand the psychoacoustic effects that are caused by
shifting different reflections at the same time compared
to only shifting the individual reflections on their own.

Conclusion

In this work, the angle shift threshold of five first re-
flections in a RIR was examined using an adaptive ABX
threshold test and speech and drums test signals. The
five reflections were shifted simultaneously in order to
find the point where the participant is just able to dis-
tinguish the shifted from the original RIR. The found me-
dian thresholds for the five reflections lie between approx-
imately 4° to 17°. While the chosen experiment design
does not reveal whether the reflection with the strongest
angular shift or the combination of multiple shifted re-
flections causes perceivable differences, this study nev-
ertheless showed that a room with reflections that are

shifted by less than the values found in this work is not
distinguishable from the original one. Given that a room
with slightly altered reflections, which can be differenti-
ated from the original room by a direct comparison, can
still provide a convincing replica of the original room, the
simulation and measurement of RIRs can be significantly
simplified by the lower spatial resolution required.
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