
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Nastasa, Madalina; Pulkki, Ville; Mäkivirta, Aki
Impact of standing waves on human auditory perception of low-frequency direction

Published in:
Proceedings of the AES 2023 International Conference on Spatial and Immersive Audio

Published: 01/08/2023

Document Version
Publisher's PDF, also known as Version of record

Please cite the original version:
Nastasa, M., Pulkki, V., & Mäkivirta, A. (2023). Impact of standing waves on human auditory perception of low-
frequency direction. In Proceedings of the AES 2023 International Conference on Spatial and Immersive Audio
Audio Engineering Society. http://www.aes.org/e-lib/browse.cfm?elib=22200

http://www.aes.org/e-lib/browse.cfm?elib=22200


Impact of standing waves on human auditory perception of low-frequency
direction

Peer-reviewed manuscript
Presented at Audio Engineering Society International Conference on Spatial and Immersive Audio 2023 August 23–25,

Huddersfield, UK

Madalina Nastasa (madalina.nastasa@aalto.fi) ∗1, Ville Pulkki1, and Aki Mäkivirta2

1Aalto Acoustic Lab , Department of Information and Communications Engineering , Aalto University , Espoo, Finland
2Genelec Oy

Abstract

This paper studies the effect of room modal resonances on the localisation of very low-frequency sound sources.
A subjective listening test is conducted with 20 participants in an anechoic chamber, where the listener must
detect the direction of the sound source for pure sinusoids at 31.5, 50 and 80 Hz. A synthetic standing wave
pattern modelling a room resonant effect is created with two additional sound sources located at the left and the
right side of the listener. Results show that the perception of low-frequency direction is negatively impacted
by the minimum pressure node of the standing wave, even when the standing wave has a relatively low level,
whereas the maximum pressure node does not have as strong of an effect. The results of the experiment
demonstrate that in the low-frequency spectrum, direction judgement is strongly impacted by room resonances.
The localisation ability in this frequency range depends on the direction of the direct sound in comparison with
the position of the standing wave, and the level difference between the direct sound and the standing wave.

1 Introduction

Low-frequency sound source localisation is a topic that has been
scarcely approached in literature. The localisation ability of
low frequencies has been thought to be somehow weaker than
the localisation of high frequencies, especially if the other fre-
quencies are presented to the listener at the same time from
another direction. Studies suggesting that low frequencies do
not possess any directional information [1, 2, 3, 4, 5, 6] have
been conducted in small living-room-like listening environments
and included conditions where the position of the sound sources
excite a strong modal behaviour [2, 3, 4]. A number of these au-
thors note that the localisation ability might be impeached by the
presence of room modes, that could negatively impact the bin-
aural cues presented at the ear of the listener. This claim might
hold true as the studies that support the human ability to localise
low-frequencies [7, 8, 9, 10, 11, 12] have either been conducted
in less reverberant environments [8, 12], or the placement of the
sound sources did not excite as strong of a modal behaviour [7].
Such studies [7, 8, 9] have shown that discrimination between
left and right sources is possible with high accuracy down to
the lowest audible frequencies of human hearing. Moreover, the
effect of the environment has been also exhibited by Martens et
al. [11] where the discrimination accuracy of subwoofer sources
in large low reverberation spaces was highly correct, while small
reverberant spaces produced inaccurate results.

Thus, it appears that the human auditory system can localise the
direction of low frequencies and performance depends upon the
conditions of the environment. This view is in accordance to
that of Hill et al. [10], who propose the idea that low-frequency

sound sources are localisable under the right conditions. This is
the first work to investigate the influence of room size, subwoofer
and listener position on the outcomes of localisation ability. Both
simulations and subjective results show that larger rooms allow
the localisation of lower frequencies, and listeners located closer
to a subwoofer exhibit less directional confusion.

Furthermore, a study conducted by the authors [13] have demon-
strated that in a large anechoic chamber with a small amount
of modal resonant behaviour, the low-frequency localisation
ability goes beyond a left-right discrimination. The results of the
experiment conducted with 18 subjects agree with those stud-
ies showing that humans can localise even the lowest audible
frequencies. Changes in direction as small as 10 degrees can
be reliably detected for pink noise bursts from 31.5 Hz and for
sinusoids from 63.5 Hz. Moreover, it has been observed that
the localisation ability decreases at frequencies having strong
room resonances. In accordance with the hypothesis presented
by a number of authors [7, 8, 10, 11], this could indicate that
the acoustical effects of the room reduce localisation accuracy
in these frequency ranges.

This work is based upon the current understanding that humans
possess the ability to localise low-frequency sound sources, and
this ability is degraded as a result of conflicting auditory cues
offered to the auditory system by the presence of strong modal
resonances in the listening environment. Consequently, it is
the aim of this study to investigate, through a psychoacoustic
experiment, the effect of room modal resonances on the direction
perception of very low-frequency sound sources.
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1.1 Spatial hearing in the very low frequency spectrum

The main mechanisms of sound source localisation are the in-
teraural time difference (ITD), interaural level difference (ILD)
and the spectral filtering produced by the pinnae, head and torso
(HRTF). In the low-frequency region, as wavelengths are much
longer than the size of the head and the pinna, it is highly un-
likely that the ILD and HRTF are effective cues in providing
directional information. In the case of ITDs, it is not yet evident
whether the minute differences in phase between the ears could
offer enough directional information.

The role of time differences in the direction perception of low
frequencies has been studied by Braasch et al. in [7] and Mo-
hamed and Cabrera in [9]. Braasch et al. propose the notion that
ITD could be accounted as the main cue used by the auditory
system for the left-right discrimination, and note further that the
presence of reverberation can distort this cue and create conflict-
ing information. The results of Mohamed and Cabrera confirm
that lateralisation based on ITD can occur in very low frequen-
cies, with the strength of the effect increasing with frequency.
The authors conclude that while localisation acuity is poor at
very low frequencies, some lateralisation is at least possible at
frequencies as low as 31.5 Hz (albeit marginal) and 40 Hz, and
the acuity increases with frequency.

1.2 Room modes

Room modes (standing waves) occur as an interaction between
the radiating source and its reflections within the room, when
the wavelengths of the source are proportional to the dimensions
of the listening environment. These waves result in two types
of interference: constructive interference (maximum pressure
nodes) and destructive interference (minimum pressure nodes).
Constructive interference amplifies sound, while destructive
interference reduces sound, resulting in a pattern of higher and
lower sound pressure levels within the room.

In the reproduction of the low-frequency spectrum, the sound
field is dominated by the presence of modal resonances which
result in uneven energy decay rates across the frequency range.
These energy decay rates modify the magnitude response of the
primary sound source and cause audible artifacts in the form of
loudness and timbre changes. In terms of auditory localisation,
room modes could potentially hinder the localisation of low
frequencies as the phase and level of the standing wave are
summed up with those of the direct sound at the ear of the
listener. As a result, the ITD and ILD cues are likely to yield an
auditory image unrelated to that of the source.

1.3 The perception of modal decay and its audibility threshold

In the area of low-frequency reproduction, control over the
modal behaviour of the listening environment is highly desired
for an improved sound quality. Design techniques aimed to
solve the problems introduced by room modes have been pro-
posed, ranging from careful positioning of the sound sources
within the environment [14] to the usage of passive absorption

materials and DSP-based equalisation techniques. Within the
latter category, active modal control techniques [15, 16, 17] aim
to identify the modal frequencies of the sound field, determine
the decay time of each mode and reduce it through equalisa-
tion. This technique is based on the assumption that the primary
perceptual factor in detecting modal effects is the modal decay
time.

Studies into the human thresholds for the perception of modal
decay time offer an understanding into one aspect of the per-
ceptual phenomena happening at low frequencies. For instance,
Karjalainen et al. [18] found that down to 100 Hz the decay time
threshold is around 0.2 to 0.3 s, while at 50 Hz decay times of up
to two seconds do not make any noticeable difference. Fazenda
et al. [19] have also investigated the perceptual thresholds for
the effects of room modes as a function of modal decay time
in the region between 32 and 250 Hz. The results for the pure
tone sine bursts indicate a threshold of 0.9 s at 32 Hz (85 dB);
0.3 s (85 dB) and 0.5 s (70 dB) at 63 Hz, and 0.27 s (70 and
85 dB) at 100 Hz. The authors suggest that below these val-
ues, it is unlikely that modal problems will be detected and the
use of control method to correct them are likely to be deemed
perceptually meaningless.

2 Methodology

This study investigates the perception of direction in the presence
of a synthetic standing wave using a two alternative forced
choice (2AFC) method for pure sinusoids at 31.5, 50 and 80
Hz. The effect of the standing wave is studied depending on
its direction and level. The polarity of the standing wave was
controlled by selecting which side subwoofer plays the signal
180 degrees out of phase. In the context of this study, we also
define the concept of direct-to-mode ratio (DMR) threshold.
The DMR threshold denotes the level difference between the
direct sound and the standing wave where the standing wave
has no longer an effect on the direction perception. Similar to
the determination of the minimum audible angle, introduced
by Mills [20], through a 2AFC procedure, the DMR threshold
occurs when the percentage of correct responses surpasses 70%.

2.1 Listening test configuration

The listening test was conducted in an anechoic chamber that
fulfills free field conditions, in accordance to ISO 3745 [21],
down to 50 Hz, but has a slight modal behaviour at low frequen-
cies. The dimensions of the room are from a wedge tip to a
wedge tip 8.2 m x 8.2 m (width x length) and the height is 7.2
m, with a raised net floor structure. Figure 1 shows a diagram of
the anechoic chamber and its dimensions. The measured back-
ground noise inside the chamber is below the human threshold
of hearing as defined in ISO 226 [22].

Binaural room impulse responses (BRIRs) were recorded at the
listener’s position using a KEMAR (GRAS) dummy head. The
modal behaviour of the anechoic chamber can be observed in
the magnitude responses of the dummy head’s left and right ear
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Figure 1: Diagram of the listening test anechoic environment.
All the distances to the sound sources have as point of origin the
centre of the listener’s head. All the sound sources are pointing
towards the listener

in figure 2 and 3. The magnitude responses suggest the presence
of two modal resonant notches at 31.5 and 65 Hz, and a modal
resonant peak at 50 and 80 Hz. Furthermore, the misalignment
of the modal resonances between the two ears is visibly present.
It is this misalignment that could potentially introduce phase and
level differences that are unrelated to those of the actual sound
sources and impeach the localisation ability. In the listening test
design, the frequencies of the sinusoids were chosen so that the
effect of the listening environment will not have an impact on the
psychoacoustic experiment. It can be seen in figure 2 and 3 that
the variation in magnitude response between the two ears across
all subwoofer positions is minimal at the frequencies of 31.5, 50
and 80 Hz, which were chosen for this experiment. Four Genelec
7380A active subwoofers were used in the test, with the low
frequency cutoff point at 16 Hz and the high-cutoff at 100 Hz.
Absorption material was placed between the subwoofers and the
raised floor structure in order to minimise resonances of the net.
All subwoofers were placed equidistantly from the centre of the
listener’s head. The positioning of the sound sources and the
listener within the room is displayed in figure 1.

A synthetic standing wave that mimics a room modal resonance
was simulated using the two subwoofers located on the sides of
the listener. The synthetic standing wave is generated between
the two subwoofers as a result of the superposition of the two
sinusoidal waves moving in the direction of the listener. A
maximum pressure node is formed when these play in phase, as
seen in figure 4, while a minimum pressure node is formed when
one of these sources is 180 degrees out of phase, as demonstrated
by figure 5. The polarity of the left-right standing wave is
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Figure 2: Magnitude response displayed in dB(SPL) of the left
ear
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Figure 3: Magnitude response displayed in dB(SPL) of the right
ear

determined through the phase relationships between the side and
the front subwoofers. For instance, when the left side subwoofer
is 180 degrees out of phase in relation to the front and the other
side subwoofer, it leads to a cancellation of the sound at the left
ear, but a positive summation at the right ear, as the right side
subwoofer is playing the signal in phase. The role of the front
subwoofers is to present the sound event to be detected in the
presence of the synthetic standing wave.

2.2 Stimuli

For the test stimuli, pure sinusoids of 31.5, 50 and 80 Hz were
generated using Matlab at a sampling rate 48 kHz. Each stimu-
lus was 1.6 s long, with a 300 ms level ramp-up and ramp-down
in order to prevent any high-frequency clicks. The signals gener-
ated for the front subwoofers had a level of -34 dBFS at 50 and
80 Hz, and -28 dBFS at 31.5 Hz. The level differences between
the front subwoofers and the side subwoofers were: -6, -10,
-14, -16, -18, -20, -22, -24, -26, -28 dB. These values indicate
the level differences between the direct sound and the synthetic
standing wave. The measured SPL levels of the stimuli played
through the front subwoofers were: 76 dB(SPL) at 31.5 and 80
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Figure 4: Diagram representing the synthetic mode generated
when both side subwoofers are in phase

Figure 5: Diagram representing the synthetic mode generated
when one side subwoofer is out of phase

Hz and 83 dB(SPL) at 50 Hz. An RME Fireface UCX audio
interface handled all the audio playing.

The test consisted of three conditions of the synthetic standing
wave: both side subwoofers playing in phase (maximum pres-
sure node), left side subwoofer out of phase (mininum pressure
node at left ear), or the right side subwoofer out of phase (mini-
mum pressure node at right ear). For each of the test conditions,
the test tone was fed through both side subwoofers and one of
the front subwoofers. Additionally, a condition in which one
subwoofer (either side left, side right, front left, front right)
is playing was added as a reference condition in order to test
the general localisation ability of the participants without the
presence of the standing wave. The reference condition was
only played at the levels of -34 dBFS at 50 and 80 Hz, and -28
dBFS at 31.5 Hz. With 3 frequencies, 10 level differences, 3
standing wave conditions plus reference, 2 directions of the front
subwoofers and 5 repetitions of each condition, the test resulted
in a total of 960 trials.

2.3 Test procedure

The listening test utilised a 2AFC method with the subject being
forced to choose between either the left or right direction of
the perceived sound image. The test interface was programmed
in Max MSP and the presentation of the conditions were ran-
domised. At the start of the test, a condition was arbitrarily
chosen by the program, the stimulus sound was played and the
subject was asked: Where did the sound come from? Press either
the left or right arrow to mark your answer. By only having to
press the arrows, the interface was intended to be as unobtrusive
as possible so that the subject could concentrate on the task with
either eyes open or closed. Before indicating their response,
the subject was forced to wait for the whole duration of the
stimuli (1.6 seconds). This ensured that all participants listened
equally to the whole length of the stimuli. After indicating their

Figure 6: Picture showing the positioning of the participant in
the psychoacoustic experiment

response, the test would progress to the next trial. In average,
the subjects took about 30 minutes to complete the test.

2.4 Subjects

In total, twenty participants took part in the test, with ages
ranging from 21 to 53 years old. The participants were either
researchers at the Acoustics Lab, students at Aalto University
or audio enthusiasts. All subjects reported normal hearing. The
subjects were instructed to face the centre space between the
two front subwoofers and to restrict their head movements dur-
ing the stimuli presentation. No head tracking device was used
to prevent head movements. Figure 6 shows the alignment of
the participant during the listening experiment. The partici-
pants were also advised to take breaks during the experiment if
listening fatigue started to occur. Most subjects had previous
experience with localisation listening tests. In order to insure
that everybody is familiar with the task, the testing method and
the interface, a training session consisting of each individual
subwoofer playing was provided for all participants.

3 Results

The results of the psychoacoustic experiment are displayed in
the form of box-plots in figure 7 for each frequency, and are
categorised on four different cases: contralateral, ipsilateral, in-
phase and reference. The central red mark indicates the median,
the top and bottom edges are the 25th and 75th percentiles, and
the outliers are plotted using the ’+’ symbol.

The contralateral case denotes the condition in which the front
subwoofer is on the different side to that side subwoofer which
is out of phase; in the ipsilateral case, the front subwoofer is
on the same side with the side subwoofer out of phase. The
in-phase case refers to the side subwoofers playing in phase and
the reference condition includes only the individual subwoofers
without the synthetic standing wave effect. Essentially, the
contralateral condition represents the situation when the direct
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Figure 7: Boxplots of the percentage of correct responses for all
listeners grouped on four cases, three frequencies and ten level
differences

sound is contralateral to the position of the minimum pressure
node, while the ipsilateral condition represents the situation
when the direct sound radiates on the same side as the minimum
pressure node.

The reference condition is used to test the reliability of the
participant’s localisation ability in the absence of the synthetic
standing wave. If the percentage of correct responses for this
condition are lower than or equal to 50% (which indicates the
threshold where the subjects cannot perceive the direction), the
participant’s responses in that particular frequency band are
excluded from the calculation of the average effect for each
condition. Three outliers were found for the reference case at
the frequencies of 31.5 and 50 Hz: one outlier at 31.5 Hz with
a percentage of correct responses of 45, and two outliers at
50 Hz, both with a percentage of correct responses of 50. The
average results of all participants are displayed in figure 8, where
the dotted black line denotes the threshold of direct-to-mode-
ratio (DMR). In these plots, the responses of the outliers were
removed as their localisation ability was not considered reliable
if the reference subwoofer positions could not be detected.

From figure 7, it can be observed that the results of the lis-
tening test vary depending on the condition of the synthetic
standing wave. The highest percentages of correct responses
were recorded for the reference and the contralateral case, with
the reference condition displaying less inter-subject variability.
The number of correct responses remained fairly constant for
the contralateral case regardless of the level difference for the
frequency of 80 Hz, whilst for the two other frequencies, the
correct responses decreased nominally with an increase of the
level difference. The level difference between the direct sound
and the standing wave did not have a strong impact on the in-
phase case either, with the exception of the -6dB level where a
worse performance can be seen across all frequencies. For the
ipsilateral case, an improvement in the localisation ability can be
seen with the increase of the level difference between the direct
sound and the standing wave. In this condition, when the level
difference of the standing wave is less that 10 dB for 31.5 Hz,
24 dB for 50 Hz and 16 dB for 80 Hz, the localisation ability is
strongly impeded. Overall, the boxplot results also demonstrate
that the localisation ability increases with frequency and that the
inter-subject variability also decreases with the frequency for all
conditions.

The effect of the direction of the synthetic standing wave is
clearly demonstrated in figure 8. When the direct sound is ra-
diating ipsilateral to the minimum pressure node, the ability
to localise the sound source is strongly impeded until a direct-
to-mode ratio (DMR) threshold has been reached. The DMR
threshold denotes the level difference between the direct sound
and the standing wave where the standing wave does not have
an influence on the direction perception of the low-frequency
sound source anymore. According to the results of this experi-
ment, in the context of the listening environment used, the DMR
threshold for a pure sinusoid of 31.5 Hz is 10dB; at 50 Hz it
is 23 dB and 16 dB at 80 Hz. The average plots also illustrate
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Figure 8: Mean percentage of correct responses across all partic-
ipants as a function of level difference, categorised on four cases
and three different frequencies. The black dotted line denotes
the threshold of direct-to-mode (DMR) ratio

that in the case of a maximum pressure node, the localisation
ability is somewhat affected. For this condition, the frequency
of 50 Hz displays the worst localisation performance of this
condition, whilst for the other frequencies, the responses are
already over the threshold of DMR. In the contralateral case,
it can be noted that the correct responses are decreasing with
higher direct-to-mode ratios for the frequency of 31.5 and 50
Hz, whilst for 80 Hz, the sound sources are localised equally as
good as the reference condition for all level differences.

4 Discussion

The results show that the synthetic standing wave has a clear
effect of the localisation perception of low-frequency sound
sources. This is especially evident when comparing any of the
conditions to the reference case. The average performance of
detecting the individual sound sources was above 80%, even for
the lowest frequency included in this test. It is also important to
note that, in general, the localisation ability of pure sinusoids is
more difficult than that of larger bandwidth signals, such as pink
noise bursts, that exhibit more transient information [23].

When the direction of the minimum pressure node is ipsilateral to
the direct sound, the ability to localise the low-frequency sound
sources is strongly impeded, and depends on the level difference
between the standing wave and the direct sound. According to
the results of this experiment, the direct-to-mode ratio (DMR)
threshold for a pure sinusoid of 31.5 Hz is 10dB; at 50 Hz it is
23 dB and 16 dB at 80 Hz. It is, however, difficult to estimate
whether these DMR values could be generalised for other rooms
as the listening test configuration could bear a strong effect on
the outcome of the results.

When the direction of the minimum pressure node is contralat-
eral to the direct sound, the perceived sound direction, depending
on the level difference, moves strongly towards the direction
of the side subwoofer radiating in phase with the direct sound.
While in the context of the left-right discrimination task of this
experiment, the results of this condition might appear as the
localisation ability is increased in comparison to that of the refer-
ence, it is erroneous to declare that localisation is more accurate.
This is because the position of the perceived sound does not
coincide to that of the original sound source. In an informal
listening session conducted by the authors, it was observed that
for the contralateral case, the position of the perceived sound
source varied from fully on the side, when the DMR was low, to
the front, when the DMR increases.

The presence of a maximum pressure node does not have such
a strong impact on the localisation ability, especially when the
level difference between the standing wave and the direct sound
goes beyond 10 dB. In the same informal listening session, the
authors also noted that for the in-phase case with a small DMR,
the perceived sound image was always located in the centre
between the two frontal subwoofers, whilst an increase of the
DMR resulted in the same position for the perceived image and
the radiating frontal subwoofer.
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The results of the psychoacoustic experiment illustrates that
the presence of minimum pressure nodes is more problematic
when it comes to the localisation ability of low-frequency sound
sources, and if correct directional information is desired from
the low-frequency spectrum, these pressure nodes should be
primarily considered.

5 Conclusion

This study has demonstrated that room modal resonances have
a strong effect on the localisation of very low-frequency sound
sources and are the cause for the little directional information ex-
hibited in this frequency range. The psychoacoustic experiment
conducted in an anechoic environment using pure sinusoids of
31.5, 50 and 80 Hz show that the direction perception is nega-
tively impacted by the minimum pressure node of the standing
wave, whereas the maximum pressure node has a more nominal
effect. In the presence of a minimum pressure node, the locali-
sation ability is dependent on the level difference between the
standing wave and the direct sound, where relatively large level
differences still have a strong effect depending on the frequency.

The results of this research suggest that the localisation of low-
frequency sound sources is not so strongly a question of our
auditory system’s ability, but more so of the acoustical properties
of the listening environment.
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