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Introduction
Early reflections are important contributors to the sound
of a concert hall. They are directly associated with clar-
ity and spatial impression (SI). Early lateral reflections,
especially, have a significant role in the perception of ap-
parent source width (ASW) and in how the hall ”wakes
up” at louder orchestral dynamics [1]. The direction dis-
tribution of such reflections is found to be important for
the acoustical quality as early as 1964 [2]. Naturally, the
relation between the level and direction of such reflections
and the perceptual consequences are of utmost interest
for concert hall design. As central element at establish-
ing such relations, the audibility threshold of changes to
individual reflections should be determined.

In the literature, several classic experiments concerning
the audibility of reflections under controlled conditions
are described, for example by Burgtorf, Seraphim and
Schubert, which are summarized by [4] and [5]. In differ-
ent experiments, they tested level thresholds depending
on time and direction in anechoic environments, using
different signals. Under these conditions, the threshold
level depends linearly on the reflection time. In addition,
lateral reflections have lower thresholds. As an example,
the threshold of a single lateral reflection at 50 ms de-
lay that is incident from 60◦ was determined to be about
as much as 39 dB below the direct sound for continu-
ous speech. Seraphim also studied multiple reflections at
regular intervals and found that for four reflections with
a spacing of about 18 ms, the threshold remains as high
as 10 dB, until the last reflection has passed, after which
it reduces with time again. Experiments with multiple
reflections are more similar to listening in real concert
halls, just as those used in the present test.

Olive and Toole have demonstrated that results from
tests in anechoic rooms and using anechoic signals are
not directly applicable to real world scenarios [5]. Using
continuous sounds, adding slight reverberation or con-
ducting the test in a listening room elevated the thresh-
olds, and the strong time dependency found for discon-
tinuous sounds in dry conditions is reduced. Conducting
a test in a normal room with a music stimulus, reflection
thresholds as high as 3 dB below the direct sound were
found for a delay of 20 ms. They also determined the so
called image shift threshold, i.e. the level at which the
reflection is not only audible, but causes an image shift
(change of source location).

Barron tested the effect of early reflections on SI as a
function of direction [6] and he found that it peaks at 90
degrees. Barron also points out the dependence on abso-
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(a) MZW. Experiments I and II, modification in the level of
reflections.
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(b) HD. Experiment III, modification to the direction of the
left lateral reflection.

Figure 1: Spatial Analysis of the measured SRIR of MZW
and HD. The map shows the direction of the components.
Below, the compound response according to Eq. (5).

lute listening level. In [7], Barron displays the subjective
effects of a single side reflections, and points out the SI
and image shift changes for different levels and delays.

Green summarizes audibility tests made for early re-
flections in synthetic environments [1]. Wettschurek [3]
added an additional artificial reflection and artificial re-
verberation generated by a plate reverb via four loud-
speakers. While one reflection was added at 30 ms at
a fixed angle, the tested reflection was added at 70 ms,
either in front, in the back or on the side. He repeated
his experiments at different listening levels, showing that
at lower levels, reflections are harder to detect, but that
detectable thresholds saturate at higher levels. These
early experiments were conducted with speech, and [1]
also shows results for music, which exhibit the same de-
pendence on level and direction. However, the overall
thresholds are much higher for music.
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Here, we wish to take such experiments further by per-
forming threshold tests by modifying auralizations of ex-
isting concert halls. In the first two experiments, the level
of either one lateral, or both lateral first-order reflections
was modified. In a third experiment, the direction of
a lateral reflection was changed. The tools for this are
provided by parametric spatial room impulse response
processing, which allows us to detect, isolate and mod-
ify sound from specific directions, before rendering to a
surrounding loudspeaker array. A similar approach was
taken in [8], where hybrid auralizations of different halls
were created, and recently by Müller [9], who tested the
audibility of elevated reflections.

The present study allows comparison of found level
thresholds to studies using less realistic conditions.

Method
The method for testing reflection level and direction
thresholds under realistic conditions was based on pro-
cessed spatial room impulse response (SRIR) measure-
ments from two concert halls.

Measurements
For the experiments, SRIR from two different chamber
music halls are used. Mozartsaal (MZW), in Vienna, is a
shoebox-shaped hall with moderately high SI. Haydnsaal
(HD), in Eisenstadt, is also a shoebox hall, with a strong
lateral reflection from the left wall at the present mea-
surement position.

For the measurements, the seats of the audience were
covered with cloth simulating an occupied condition. A
multichannel dodecahedral loudspeaker comprising of 12
individually controlled drivers was used. For the mea-
surements selected in this test, the source was positioned
on the center-left side of the stage, and the receiver array,
a GRAS microphone array VI-50 was placed 7 m away
from the source in the audience area. The microphone
array has six channels, meaning that we obtain one room
impulse response vector hd(t) with six microphone re-
sponses for each of the source drivers d ∈ {1, ..., 12}.

Spatial Analysis and Rendering
For identification of the reflections, spatial analysis
using Time-Difference of Arrival estimation (TDoA)
was employed, as it is implemented in the SDM toolbox
[13]. Directional analysis returns one direction estimate
θ(t) for each sample t, obtained by considering the
response in a small time window. For processing, also
an omnidirectional response p(t) is required, which is
extracted by using the response of the fifth microphone,
the one at the top of the intensity array. Upon rendering,
loudspeaker impulse responses gl for loudspeaker at
directions θl are created by assigning each sample of
the omnidirectional response to the nearest loudspeaker
based on the instantaneous directional estimates

lNLS(t) = arg min
l

||θ(t) − θl(t)|| (1)

gl(t) =

{
p(t) l = lNLS(t)

0 l �= lNLS(t).
(2)

As assignment of samples in this way results in in-
creased high frequency content, equalization to match
the the original omnidirectional response was applied.
As opposed to the equalization found in [13], frame-wise
minimum-phase equalization filters were derived to avoid
time-domain artefacts caused by the equalization.

Since in total, 12 responses are available, one for each
driver, pointing to a different direction in the hall, a pro-
cedure similar to the reflection path tracing method de-
scribed in [10] was employed. It enhances the directional
analysis, making it easier to find the time and direction
of particular reflections. For that, the directional esti-
mates are computed for each driver separately, and the
enhanced directional estimates θ̂(t) are then obtained by

selecting the measurement conducted using the driver d̂
that has the largest power

d̂(t) = arg max
l

p2d(t) (3)

θ̂(t) = θd̂(t)(t) (4)

p̂(t) = pd̂(t)(t). (5)

The enhanced estimates and the compound response p̂
that uses the driver with maximal power for each sam-
ple are shown in Fig. 1. This procedure increases the
salience of every reflection in the response and the di-
rectional estimates, and makes it easier to select time
regions corresponding to them.

Modifications
With the directional estimates at hand, 2 ms long win-
dows containing the target reflections were selected.
These regions are marked in red in Fig. 1.

The threshold test consisted of three experiments, each
representing a different modification:

I. Level of the left wall reflection in MZW

II. Level of the left and the right wall reflection in MZW

III. Direction of the left wall reflection in HD

The level modifications for test I and II were implemented
by changing the level of the reflection in the correspond-
ing time windows before rendering to loudspeakers, see
Fig. 1a. The directional modification for test III was
realized by modifying the rendering stage, see Fig. 1b.
While the remainder of the response, without the reflec-
tion of interest, was rendered according to Eq. (2), move-
ment of the target reflection was realized by means of
panning. For this, the pair of loudspeaker containing the
desired location was determined, and the reflection was
panned between them fulfilling the tangent law, equiva-
lent to 2D VBAP panning.

As in previous studies, participants should not be able to
base the detection on the changed overall level. There-
fore, normalization was conducted by assuming coher-
ent summation of the signals, as this corresponded more
closely to the measured increase of level in the reproduc-
tion room when changing the reflection level than power
summation.The overall measured level in the center of
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the array for all experiments was 72 ± 1 dBA verified
using a B&K 2250 sound level meter.

Listening Test Design
The test was conducted as an adaptive threshold test
with fixed step-size. Every step was an ABX test. For ex-
periments I and II, the reference (X) was a response from
which the target reflection had been removed completely.
Participants had to recognize this rendering amongst the
other two, one of which was the response with the re-
flection added. For test III, the reference was the orig-
inal response and one of the other two options was the
modified response, where the location of the left lateral
reflection was modified.

Upon the start of the test, the modification made to the
response was well above the threshold, expected from
pre-testing. For the level tests the modifications began
with 12 dB above the original level of the reflection. For
the direction test, the target reflection started at the cen-
ter. After an initial burn-in phase, where each correct
response leads to values closer to the reference, a 3-down-
1-up rule was applied. This means participants had to
give three correct answers, before reducing the amount
of modification, but one incorrect answer immediately
increased the amount of modification for the next trial.
Further, following a recommendation by [11] for targeting
the 73.93% point of an assumed psychometric function
the down and the up step where not of the same size.The
step down was set to only 84.2% of the up step. Note
that [11] also warns about using adaptive tests of insuf-
ficient length, as convergence can not be assured. In our
experiments we let participants do 8 reversals, which was
on the limit of experimental time for a single stimulus.

The stimuli for the tests was the 1st violin of the Trio
from the String Quartet op. 76 n. 1 by F. J. Haydn [12],
from the last note of bar 52 until the first note of bar 62.
This is a soloist passage that presented a large range for
the fundamental frequency (196 Hz to 1318.51 Hz), with
a continuous musical sentence without interruptions and
musically independent from the rest of the string quartet
instruments.

Six participants (mean age 32.3y) took part in the test,
all of which had previous experience in listening exper-
iments. The test was conducted at the Aalto Acoustics
Labs, in the listening room “Wilska”, that comprises of
47 Genelec 8331AP loudspeakers, surrounding the lis-
tener in an anechoic environment.

Results
The results of the adaptive threshold tests for experi-
ments I and II, level modifications, are shown in Figure
2a. The first noteworthy observation is that the threshold
for the level modification tests are positive in both exper-
iments, and the median threshold for the case in which
two reflections were modified was higher than when mod-
ifying one reflection. Please note, that the overall level
was kept constant.

With regards to experiment III, Figure 2b, the angular
threshold was between −35 and −12 degrees, implying
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Figure 2: Listening Test Results

that the very prominent side wall reflection could be fur-
ther to the front while evoking the same percept as the
real position.

After completing the three threshold tests, participants
were also asked to write down the auditory attributes to
which they mostly attended when performing the test.
The most frequently mentioned attributes were sound
source location, ASW. Occasionally the reflection ap-
peared as a separate auditory event. An image shift was
reported by all participants in experiments I and III, but
not in II. On the other hand, differences in SI, especially
ASW, were audible in all three experiments, but mostly
in experiment II.

Discussion
At first sight, the results show surprisingly high thresh-
olds for the detection of reflections. Interestingly, the
positive thresholds for experiments I and II implies that
one or even two individual reflections can be completely
removed from the spatial room impulse response without
the participants detecting the change. In the case of one
side reflection, the actual level has to be increased by
3.6 dB, until the reflection is audible. At this level, the
reflection is only 2.11 dB below the direct sound, see Ta-
ble 1. This threshold is significantly higher than values
found in literature for anechoic experiments, but close to
values from experiments in normal rooms by Olive and
Toole [5].

What is striking is that when changing the level of both
sidewall reflections, the threshold is even higher, 0.48 dB
(left reflection) and 1.18 dB (right reflection) above the
direct sound. This points to the fact that there are differ-
ent perceptual consequences when changing reflections,
which was highlighted by the listeners. The image shift
effect, only reported in experiments I and III, could be
easier to identify than changes in the ASW. An increase
of SI is also reflected by the increase in early lateral en-
ergy.
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Experiment
Modification

Type
Median

Modification
Level Difference to
Direct Sound (dB)

Δ DRR (dB) Δ DRREarly (dB) ΔJLF

I Level Left +3.63 dB -2.11 -0.28 -0.63 0.039
II Level Both +6.23 dB +0.48 / +1.18 -0.70 -1.49 0.097
III Direction Left −22.04◦ - - -0.003

Table 1: Determined threshold and change of acoustics parameters at the threshold. Note that the median modification
refers to the change made with respect to the original response, difference in direct-to-reverberant ratio Δ DRR,
difference of ratio between direct and early energy Δ DRREarly, and difference in early lateral energy ΔJLF are
calculated with respect to the reference used in the experiment, i.e. depicts the changes of parameters that participants
were exposed to. DRR, DRREarly and JLF at mid frequencies (average of 500Hz and 1kHz octave bands).

When comparing the direct-to-reverberant ratio (DRR)
in octave-bands of reference and probe, the largest dif-
ferences were found at high frequencies (−2 dB at 4 kHz
vs. −0.3 dB at 250 Hz). This shows that for further ex-
periments using this method, it needs to be considered
that a 2 ms window might not be sufficient to capture
the full reflection at low frequencies.

Conclusion
We have presented experiments to test the threshold of
level and directions of early reflections in auralizations of
two chamber music halls.

The experiments show that the median level modifica-
tion with respect to the original response are positive,
i.e. that the level of either one or two reflections ac-
tually needs to be increased with respect to the orig-
inal response in order for a change to become notice-
able. Furthermore, modifying one or two reflections had
significantly different thresholds with reported different
perceptual effects. The different thresholds are likely ex-
plained by the different perceptual cues that the experi-
ments evoked.

The directional threshold test has shown that when ap-
proaching the true direction of this lateral reflection from
the front, over 20 degrees of deviation can remain unno-
ticed. This indicates that, in this experiment, this reflec-
tion could come from a broad range and still evoke the
same perceptual responses.

As we have observed, even prominent early reflections can
be removed from the response without being noticed.This
work highlights that an impulse response should not be
thought of as a collection of individual reflections, each
of which with its own perceptual effect. Rather, it is the
interaction of all reflections, as the acoustic field builds
up, that needs to be considered.

Future work includes also experiments with more par-
ticipants, and a wider range of test signals, in order to
verify the found high thresholds. Finally, with more data
at hand, auditory models could be applied.

Acknowledgments
This research was supported by the EU’s Horizon 2020
research and innovation programme under the Marie
Sk�lodowska-Curie grant agreement No. 812719.

References
[1] Green, E., Kahle, E.: ‘Dynamic Spatial Responsive-

ness in Concert Halls’, Acoustics 1(3) (2019), 549–560

[2] Sessler, G. M., Atal, B. S., Schroeder, M. R., West,
J. E.: Acoustical Measurements in Philharmonic
Hall (New York). J. Acoust. Soc. Am. 36(5) (1964),
1011–1011.
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[10] Tervo, S., Pätynen, J., and Lokki, T.: Acoustic re-
flection path tracing using a highly directional loud-
speaker. IEEE WASPAA (2009), 245–248
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