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1 Executive Summary
An indoor low-boom simulator has been built at the University of Oldenburg. The simulator is
built as a pressure chamber to enable a reproduction of very low-frequency content. The
chamber has a very short reverberation time and the background noise is very low. The
playback system has a flat frequency response from 1.5 Hz to 2 kHz at the listening position
covering the relevant frequency range for sonic boom signatures. The simulator is capable to
reproduce soft N-waves and low-boom signatures up to overpressures of about 20 Pa. In
addition, a vibration platform has been installed in the pressure chamber for a controlled
reproduction of vibration resulting from boom signatures. The platform has a flat frequency
response from 12 Hz to 100 Hz which is achieved with a person sitting on a chair on the
platform. The vibration signatures (acceleration signals) provided by the project partner NGI
can be reproduced with the platform.
In a, listening test study, a variety of recent (low) boom simulations and recorded sonic boom
signatures were rated by volunteer listeners. The listeners rated the loudness and the short-term
annoyance of 24 signals differing in the shape of the time signature and the maximum
overpressure while being in a confined range of A-weighted sound exposure levels around 60
dB(A). The results showed main effects of signature and relative level variation as well as an
interaction of the two. The loudness and the annoyance increased with rising relative level.
However, the growth rate for the ratings differed between the eight used signatures.
Correlation coefficients between the ratings and single SEL metrics were high for A-weighted
SEL compared to other frequency weightings. A large variety of associations mostly unrelated
to (supersonic) aircraft was mentioned by the listeners, which might indicate a lack of perceived
realism and “mightiness” in the used simulations. In contrast to our expectations, provision of
background information about the nature of the presented sound’s sources had no statistically
significant influence on the ratings.
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2 Design, Realization and Assessment of
Indoor Low-Boom Simulator
2.1 Design and Realization of Indoor Low-Boom Simulator
2.1.1 Laboratory Room Properties
The indoor low-boom simulator of the University of Oldenburg is installed in two small
neighboring rooms (Figure 1, Figure 2 and Figure 3). One room acts as a loudspeaker enclosure
and the other room acts as a pressure chamber similar like facilities at NASA
[Leatherwood1991] and at JAXA [Naka2013]. The pressure chamber has a width of 1.15 m to
1.44 m. The room is 2.60 m deep and it has a tilted ceiling with an average height of 2.80 m. The
volume of the pressure chamber is about 9 m³. The loudspeaker enclosure is about 1.88 m wide,
2.75 m deep, about 3 m high with a slightly tilted ceiling. Two 18” loudspeaker chassis are
mounted in a thick wooden plate that is installed in the doorframe between the two rooms.

Figure 1 Sketch of the rooms used for the indoor low-boom simulator. All measures are given in
millimeter.
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Figure 2 Empty pressure chamber before acoustic optimization.

During the planned listening tests, participants were seated in the pressure chamber, which
could be accessed by another door leading to a small balcony. The room is not connected to any
ventilation system and opening the door allows a direct exchange of air with the outside. The
technical systems driving the low-boom simulator are placed in a separate control room one
floor below the pressure chamber (Figure 3).
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Figure 3 Simulator location. Outside view of the buildings from the Wechloy Campus of the University of
Oldenburg. The location of the pressure chamber on second floor and the control room on first floor are
highlighted.

Pressure Chamber

Control Room

2.1.2 Constructive and Acoustic Optimization
2.1.2.1 Door and Door Frame
The metal door to the pressure chamber is reinforced by a sheet of medium density fiber (MDF)
board, increasing the strength of the door and preventing rattle sounds from the door leaf. This
addition also improves the acoustic damping properties of the door, reducing the amount
background noise coming from the outside into the room.
To ensure a pressure chamber behavior, the used room needs to be airtight. Therefore, all joints
and small cracks in the walls of the pressure chamber room have been tightly sealed.
Furthermore, the entrance door to the pressure chamber has been fitted with a secondary
doorframe shown in Figure 4. The frame was specifically designed and built for this door. The
secondary doorframe has a grove towards the door to hold a rubber seal. The secondary
doorframe is mounted in such a way that the rubber seal is pressing against the door. Together
with the rubber seal in the primary doorframe, these two seal help to ensure air tightness of the
pressure chamber.
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Figure 4 Door frame of the simulator. Left: Entry door to the pressure chamber with double rubber gasket
in the doorframe highlighted by dashed red line. Right: Access door viewed from inside the pressure
chamber with secondary door frame holding the secondary rubber gasket.

2.1.2.2 Acoustic Absorbers
To reduce the influence of the room acoustics and reduce the reverberation time for higher
frequencies (above 300 Hz), absorbing material was placed on the walls and the ceiling of the
pressure chamber. The walls left and right to the listening positions were covered with pyramid
foam absorbers (10 cm thickness). The absorbers are held in place on the wall by thin cords. The
wall at the end of the room has been outfitted with soft foam loops to absorb low mid
frequencies creating a “dead end” of the room (Figure 5). The loops are made out of 15 mm
foam that is pre-mounted on a wooden board creating loose loops with a depth of 25 cm.
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Figure 5 Acoustic Absorbers in the simulator. Left: Inside of the pressure chamber outfitted with
absorbing material on the walls. White pyramid absorbers on the walls left and right to the listening
position and soft foam slopes in dark grey on the wall on the right side. Right: Schematic of the foam
slope absorbers with a depth of about 250 mm.

2.1.3 Reverberation Time
The reverberation time T20 was measured with the short measurement procedure according to
DIN EN ISO 3381:2:2008 with a sound level meter (Norsonic Nor 140). An impulsive signal
(clap of wooden boards) was recorded at two different microphone positions in the room - at
the listening position above the empty chair and above a table with measurement equipment in
the entrance of the room. The measurements were repeated twice for the microphone
positioned at the listening position. The reverberation time for octave frequencies from 63 Hz to
8 kHz, averaged over the measurement positions and repetitions, is shown in Figure 6. The
effectiveness of the absorbing material above 250 Hz is clearly visible. Below 250 Hz, the
reverberation time is about 0.4 seconds, above 250 Hz it is only about 0.1 seconds. The average
reverberation time of the pressure chamber across the octave bands from 63 Hz to 8 kHz is
about 0.2 seconds.
The reverberation time below 250 Hz is comparable to the NASA interior effects room
[Klos2012]. Above 250 Hz, the reverberation time is considerably shorter than that of the NASA
Interior Effects Room. A further reduction of the reverberation time for frequencies below 300
Hz is difficult because suitable dissipative absorbers would be very large compared to the
dimensions of the pressure chamber. But via digital preprocessing, it was shown to be possible
to still match the shape of the signatures accurately.
This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
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Figure 6 Reverberation time T20 of the pressure chamber for octave bands from 63 Hz to 8 kHz.

2.1.4 Background Noise Level
The overall background noise level measured over 10 seconds during day time is LAeq = 21.2
dB(A) and LZeq = 48.1 dB(Z). The background noise in third octave bands is shown in Figure 7.
This background noise level is very low. The background noise is slightly above the absolute
threshold of hearing in the frequency range from 300 Hz to 6 kHz. The level of background
noise in the pressure chamber is comparable to that inside a single walled listening cabin.
The background level of the present indoor low-boom simulator is similar to the background
noise level in the NASA Interior Effects Room [Rathsam2012a] below 100 Hz and about 10 dB
higher above 100 Hz. The overall background noise level of LAeq = 21.2 dB(A) is about 13 dB
below an older NASA simulator [Leatherwood1991].
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Figure 7 Background noise level inside the pressure chamber plotted as third octave bands with a silent
person inside the chamber. The absolute threshold of hearing (according to ISO 226) is included for
reference, plotted as a dotted line.

2.1.5 Playback system for sound
2.1.5.1 Definition of Boom Signatures
The low-boom simulator is designed to playback boom signatures. Eight different boom
signatures were delivered at the start of the project (January 2018) by Sorbonne University,
Paris. The signatures differ in the maximum overpressure, the steepness of the rising and falling
slopes and the temporal duration. The eight signatures (number 0 to number 7) are simulations
and recordings from different aircraft types including two N-wave signatures. The signatures
were also used in a calculation crosscheck for different acoustic metrics by NASA
[Loubeau2014]. Figure 8 shows time signals and Figure 9 shows spectra of the eight signals.
In addition, a simulated low-boom signature (NASA C25D, [Park2017]) was provided (mid
2019) by Sorbonne, University, Paris. Figure 10 shows the time signal and the spectrum of the
simulated low-boom signal.
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Figure 8 Time signals of the initial eight signatures (number 0 to number 7). Please note the different
ordinate scales.

Figure 9 Power spectra of the initial eight signatures (number 0 to number 7).
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Figure 10 Time signal (left) and power spectrum (right) of the simulated low-boom signature C25D
(NASA).

2.1.5.2 Technical System for Sound Playback
Figure 11 shows a schematic overview of the technical system of the indoor low-boom
simulator. Two 18-inch loudspeaker chassis (JBL 2240 H) are installed in the pressure chamber.
They are driven in series by one amplifier (Tira BAA 500, DC-coupled input) which is connected
to the DC-coupled output of an audio interface (RME Fireface UFX+, output 9). The electric
playback chain has a flat frequency response down to 0 Hz and is in principal capable to
reproduce signals with DC-components.
Recordings are made with a 1/2 inch infra sound microphone (GRAS 47 AC, sensitivity: 8
mV/Pa). The microphone is connected to a custom ICP supply and amplifier (UOL 127/09,
coupling capacitor of 22 nF, -1 dB@1 Hz) that is linked to an AD-converter (RME ADI-8 QS, -3
dB@1 Hz). The AD-converter is connected to the audio interface over an optical MADI cable.
The transfer function of the playback chain was measured at the listening position (right ear)
above the empty chair without a listener (Figure 12). The measured was carried out with a
swept sine measurement procedure from 0.1 Hz to 6 kHz over 45 s duration. The frequency
response shows the behavior of a pressure chamber up to about 60 Hz where the first room
modes come into play. The influence of room modes is considerably smaller above 250 Hz due
to the acoustic damping material.
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Figure 11 Schematic of the electro-acoustic setup for the low-boom simulator consisting of a separate
Control Room and the Low Frequency Lab.

A minimum phase FIR filter was designed to invert the measured transfer function at the
listening position. The filter has an FFT-size and a filter length of 32768 samples for a sampling
rate of 48 kHz. The filter length is a trade-off between low-frequency resolution and temporal
distortion of the filtered signal. The inverse filter was designed with a third-octave smoothing.
A Hann window was applied to the impulse response of the filter. A flat frequency response
was achieved from 1.5 Hz to 2 kHz (Figure 13), which covers most of the relevant frequency
range for sonic boom reproduction [Klos2012]. The -3 dB cut-off to lower frequencies at 1.5 Hz
is only about 1 Hz higher than the NASA pressure chamber [Leatherwood1991].
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Figure 12 Measured frequency response without equalization (third octave smoothing) at the position of
the right ear above the empty chair without a listener.

Figure 13 Measured frequency response with equalization (third octave smoothing) at the position of the
right ear above the empty chair without a listener.
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2.1.6 Playback system for vibration
2.1.6.1 Definition of Vibration Signals
A small vibration platform was installed inside the pressure chamber. The platform was
designed to reproduce low-boom induced vibration signals that were simulated by NGI in WP
3.3.1 and described in deliverable D3.2. Table 1 shows the minimum, the maximum and the
average acceleration values for the signatures delivered by NGI. Over all signatures, the
dominant direction of the acceleration signals is the z-direction (vertical). The maximum
acceleration energy of the signals is around 20 Hz. All these values are quite similar to those of a
NASA study by Rathsam and Klos [Rathsam2016], which investigated 13 Hz sinusoidal pulses
in z-direction with accelerations from 0.02 m/s² to 0.16 m/s². Table 2 gives an overview of the
absolute perception thresholds for whole-body vibration from different studies for sinusoidal
whole-body vibration for a frequency of 10 Hz.
Table 1 Summary of the minimum, the maximum and the average acceleration values (in m/s²) for the
vibration signatures delivered by NGI. Highest occurring levels per direction are highlighted by bold
fonts.

Acceleration (m/s²)
min
max
mean

Dircection
x
y
z
0.006 0.001 0.034
0.110 0.099 0.642
0.029 0.023 0.172

Table 2 Absolute perception thresholds for sinusoidal whole-body vibrations (in m/s²) with a frequency
of 10 Hz for the three translational directions. Highest sensitivity per direction is highlighted by bold
fonts.

Study
Parsons 1988
Parsons 1988
Bellmann 2002
Morioka 2006

Participant’s Posture
sitting subject
standing subject
sitting subject
sitting subject

Vibration Direction
x
y
z
0.02
0.02
0.01
0.06
0.03
0.01
0.03
0.04
0.05
0.02
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Comparing the perception thresholds in Table 2with the data of the vibrations signals from NGI
in Table 1 shows that the vibration in x- and y-direction is on average below the perception
threshold for whole-body vibration. Only the z-direction is on average above the perception
threshold and about a factor of five (about 14 dB) higher than the acceleration values in
horizontal direction. Therefore, vibration in z-direction can be considered the dominant
direction for the perception and the vibration platform system was built to move only in zdirection (vertically).

2.1.6.2 Technical System for Vibration Playback
The vibration platform is designed as a reactive system with a solid MDF board placed of foam
springs (Figure 14 The vibration platform and shaker system in the pressure chamber). The MDF
board has a width of 1 m, a depth of 1.2 m and a thickness of 76 mm. The mass of the board is
about 60 kg. The foam springs (Sylomer S11) have a length and a width of 160 mm and a
thickness of 50 mm. The platform is driven by a custom-built shaker system that is connected to
an amplifier (TIRA BAA 120). The DC-coupled input of the amplifier is connected to the DCcoupled output of an audio interface (RME Fireface UFX+, output 10) as shown in Figure 11.
Recordings of accelerations are made with the z-channel of a tri-axial accelerometer (PCB Model
356A15, sensitivity: 100 mV/g). The accelerometer is connected to a custom ICP supply and
amplifier (UOL 127/09, coupling capacitor of 22 nF, -1 dB@1 Hz) that is linked to an ADconverter (RME ADI-8 QS, -3 dB@1 Hz). The AD-converter is connected to the audio interface
over an optical MADI cable.
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Figure 14 The vibration platform and shaker system in the pressure chamber. The accelerometer for the
measurements is placed on the platform behind the shaker (not visible here).

The transfer function of the playback chain was measured with an accelerometer placed next to
the shaker with a person sitting on a wooden chair on the platform (Figure 15). The
measurement was carried out with a swept sine procedure from 1 Hz to 100 Hz over 45 s
duration. The amplitude response shows a prominent resonance of the system at around 18 Hz.
A minimum phase FIR filter was designed to invert the measured transfer function. The filter
has an FFT-size and a filter length of 32768 samples for a sampling rate of 48 kHz. The inverse
filter was designed with a third octave smoothing. A Hann window was applied to the impulse
response of the filter. A flat frequency response was achieved from 12 Hz to 90 Hz (Figure 16).
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Figure 15 Measured frequency response of the vibration platform with a person sitting on the wooden
chair. Prominent resonances are visible at 18 Hz and 100 Hz.

Figure 16 Measured frequency response of the equalized vibration platform with a person sitting on the
wooden chair. Flat amplitude of the frequency response from 12 Hz to 100 Hz.
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2.2 Assessment of Indoor Low-Boom Simulator
2.2.1 Reproduction of boom signatures
The following Figures Figure 17 to Figure 25 show the reproduction of the boom signatures
without equalization by a digital filter. The signals are time shifted for a better comparison of
the target and the reproduced signature. All the time signals are already quite well reproduced
and the amount of post-ringing is quite low. Overpressures of up to 20 Pa can be reached by the
simulator (e.g. shown by signal 6). Temporally shorter waveforms like signal 1 (duration of
about 100 ms) are better reproduced than longer ones like signal 3 (duration of about 250 ms).
Figures Figure 26 to Figure 34 show the equalized playback including a digital filter inverting
the transfer function of the system. The reproductions are generally improved especially in the
spectral domain and the time signals of the signatures number 1, 5 and 6 are very close to the
target signature. The low-boom signature C25D (signal number 8) with an overpressure of 20 Pa
and a duration of 0.13 seconds is also very well reproduced. However, the very steep N-wave of
signal 4 and the high overpressure of signal 7 are not well reproduced.
The limitations of the present indoor low-boom simulator are 3.5 dB below the capabilities of
the NASA Interior Effects Room [Klos2012] in terms of overpressure (NASA: 30 Pa, UOL: 20 Pa)
and 0.04 seconds in terms of signature duration (NASA. 0.17 s, UOL: 0.13 s).

2.2.1.1

Reproduction of boom signatures without equalization

Figure 17 Target and reproduced signature for Signal 0. Left: time signal, right: magnitude spectrum
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Figure 18 Target and reproduced signature for Signal 1. Left: time signal, right: magnitude spectrum

Figure 19 Target and reproduced signature for Signal 2. Left: time signal, right: magnitude spectrum
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Figure 20 Target and reproduced signature for Signal 3. Left: time signal, right: magnitude spectrum.

Figure 21 Target and reproduced signature for Signal 4. Left: time signal, right: magnitude spectrum.
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Figure 22 Target and reproduced signature for Signal 5. Left: time signal, right: magnitude spectrum.

Figure 23 Target and reproduced signature for Signal 6. Left: time signal, right: magnitude spectrum.
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Figure 24 Target and reproduced signature for Signal 7. Left: time signal, right: magnitude spectrum.

Figure 25 Target and reproduced signature for Signal 8 (C25D). Left: time signal, right: magnitude
spectrum.
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2.2.1.2

Reproduction of boom signatures with equalization

Figure 26 Target and equalized reproduction for Signal 0. Left: time signal, right: magnitude spectrum.

Figure 27 Target and equalized reproduction for Signal 1. Left: time signal, right: magnitude spectrum.

This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

32

D3.3 – Analysis of indoor perception study
and recommendations
Version 2
Figure 28 Target and equalized reproduction for Signal 2. Left: time signal, right: magnitude spectrum.

Figure 29 Target and equalized reproduction for Signal 3. Left: time signal, right: magnitude spectrum.
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Figure 30 Target and equalized reproduction for Signal 4. Left: time signal, right: magnitude spectrum.

Figure 31 Target and equalized reproduction for Signal 5. Left: time signal, right: magnitude spectrum.
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Figure 32 Target and equalized reproduction for Signal 6. Left: time signal, right: magnitude spectrum.

Figure 33 Target and equalized reproduction for Signal 7. Left: time signal, right: magnitude spectrum.
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Figure 34 Target and equalized reproduction for Signal 8 (C25D). Left: time signal, right: magnitude
spectrum.

2.2.2 Reproduction of vibration signals
As a part of WP 3.3.1, NGI delivered 28 acceleration signals for the z-direction. The signals were
simulated based on an excitation of three different house types (Bodo, Osen, SIBO) by 7 boom
signatures. For one house type (Bodo), signals for the first (Z1) and the second floor (Z2) are
available. All signals were resampled to a common sampling rate of 48 kHz like the boom
signatures. The reproduction of the vibration signals with a person sitting on the chair on the
vibration platform is shown in the following Figure 35 to Figure 38, without and with
equalization. Further signals can be found in Figure 49 to Figure 72 in the Appendix A. The
signals are time shifted for a better comparison of the target and the reproduced signature.
In general, the acceleration amplitude is larger for the Bodo house type (e.g. in Figure Figure 35
and Figure 36) compared to the Osen (e.g. in Figure 37) and SIBO (e.g. in Figure 38) type. For
the unequalized signals (left side in the figures), the eigen-resonance of the platform at around
18 Hz is excited and dominates the reproduction. The equalization with the inverse filter allows
for a quite accurate reproduction of the acceleration signals with a very short ramp before the
signal itself. For some of the signals with rather high vibration amplitudes, slight distortions of
the waveform are visible (e.g. signal “sstg_crosscheck_6_fs24000_2sBodo04_Z2_acc” in Figure
66) but not perceivable.
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Figure 35 Reproduction of “sstg_crosscheck_0_fs12000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 36 Reproduction of “sstg_crosscheck_0_fs12000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 37 Reproduction of “sstg_crosscheck_0_fs12000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 38 Reproduction of “sstg_crosscheck_0_fs12000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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2.3 Interim Conclusion: Design, Realization and Assessment of
Indoor Low-Boom Simulator
An indoor low-boom simulator has been built at the University of Oldenburg. The simulator is
built as a pressure chamber to enable a reproduction of very low frequency content. The room
has a very short average reverberation time of T20=0.2 s and a background noise level of
LAeq=21.2 dB(A).
The audio playback system has a flat frequency response from 1.5 Hz to 2 kHz at the listening
position when applying a digital inverse filter in the playback chain. The simulator is capable to
reproduce soft N-waves and low-boom signatures up to overpressures of about 20 Pa. The time
signals and the spectral content for four out of the eight initially delivered pressure signatures
(Nr. 0, 1, 5, 6) and the low-boom signature “C25D” can be reproduced very accurately in the
simulator. For the signatures 2 and 3, a slight post ringing is visible which might be a result of
the rather long duration of these signatures compared to the others. Signature 4 and signature 7
both have an overpressure of more than 20 Pa and cannot accurately be reproduced. An
overpressure of about 20 Pa (120 dB SPL) is also the limit of exposure set in the ethics approval
for listening tests in the simulator.
In addition to the audio playback, a vibration platform has been installed in the pressure
chamber for a controlled reproduction of vibration resulting from boom signatures. The
platform has a flat frequency response from 12 Hz to 100 Hz with a person sitting on a chair on
the platform when applying a digital inverse filter in the playback chain. The time signals of all
of the 28 vibration signatures (acceleration signals) that were provided by the project partner
NGI can be reproduced with the platform in vertical direction.
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3 Indoor subjective perception of the low
boom – preparation and study realization
3.1 Loudness and annoyance of sonic boom signals at low
levels
3.1.1 Introduction
The sonic boom of future supersonic aircraft may be reduced considerably due to the progress
in aircraft design [Sparrow2006]. Such low sonic boom sounds will be considerably quieter and
sound very different compared to conventional sonic booms [Maglieri2014]. The sensation and
subjective response of humans to future low sonic boom signatures is currently under
investigation [Loubeau2018], [Makino2007]. However, a definitive acoustic measure reflecting
the acceptability of low sonic booms is not available at the moment and it is the question how to
define it such that the effects on humans are reflected well [Coulouvrat2009], [Maglieri2014].
Several studies investigated the loudness ([Leatherwood1991], [Naka2013]), the loudness in
combination with acceptability ([Leatherwood1992], [Leatherwood1993]), the annoyance
([Carr2020], [Fidell2002], [Leatherwood1994], [Rathsam2015], [Rathsam2018], [Sullivan2010])
and the realism ([Sullivan2008]) for conventional and shaped sonic boom sounds. In search of
an acoustic measure reflecting human perception, some studies found close relationships
between sonic boom ratings and values of the A-weighted sound exposure level (ASEL).
Leatherwood and Sullivan investigated the effect of boom shapes for simple simulations
constructed from connected straight lines [Leatherwood1992]. They found correlation
coefficients around r = 0.96 between the A-weighted sound exposure level and loudness ratings
for overpressure values between 50 Pa and 125 Pa and ASEL values between 62 dB(A) and 90
dB(A) depending on the set of sounds. The same authors also reported very high correlation
coefficients between ASEL values and loudness and annoyance values obtained from
magnitude estimation experiments [Leatherwood1993]. More recent studies found similar
values for coefficients of determination between annoyance ratings and ASEL or perceived level
(PL) for simulated low intensity sonic booms ([Sullivan2004]) and for N-waves with different
rise times and filtered impulse signals [Rathsam2012b]. Similar results were found for sonic
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boom sounds with and without rattle when calculated for the actual sound heard by
participants (e.g. indoors) [Rathsam2015].
Marshall and Davies investigated the perceptual attributes of low amplitude sonic booms and
other transient environmental sounds [Marshall2007a], [Marshall2007b]. They found two major
factors, the first one strongly related to loudness, startle and contributing to annoyance while
the second factor covered temporal and duration properties of the stimulus. A third factor was
related to spectral balance. The second and the third factor were found to be especially
important for sounds presented in a sonic boom simulator, accurately reproducing low
frequency content, compared to experiments with earphones and high-pass filtered sounds
[Marshall2008]. Due to the rather low levels and the potentially different character of more
recent low boom simulations ([Loubeau2014], [Park2017], [Ishikawa2019]), the associations
evoked and sound sources identified by these “new” sounds are not completely known yet.
The main aim of this study was a comparison of ratings from low boom designs and
conventional/N-wave designs in a confined range of ASEL values around 60 dB(A) to see
whether low boom signatures have a general benefit compared to conventional/N-wave
signatures at similar ASEL values. Eight sonic boom signatures including recent low boom
simulations, conventional simulations and recordings ([Loubeau2014], [Park2017],
[Ishikawa2019]) were rated in terms of the perceived loudness and short-term annoyance. An
indoor simulator at the University of Oldenburg was used to accurately reproduce the boom
signatures for listening tests with voluntary participants [Töpken2020]. The simulator has been
built for the assessment of human responses to low sonic boom signatures in the framework of
the EU-project RUMBLE [Cretagne2019]. Each signature was presented at three different signal
levels to achieve a broad coverage of maximum overpressure values around 20 Pa and ASEL
values around 60 dB(A). The relationships between listening test results and different single
level-based metrics (ASEL, BSEL, CSEL and DSEL) were examined.
Another goal of this study was to investigate the influence of knowledge about the nature of the
potential sound sources on the loudness and short-term annoyance ratings for the sonic boom
sounds. Providing background information about prospective sound sources may affect the
judgments of sounds in laboratory listening experiments [Västfjäll2004]. Therefore, information
about the background of the study was presented only after completing a first rating session,
which allows comparing ratings as well as the evoked associations with and without
information.
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3.1.2 Methods
3.1.2.1 Simulator Setup
The simulator that was built at the University of Oldenburg is used for the listening tests of this
study. The simulator is extensively described extensively above in chapter 2.

3.1.2.2 Stimuli
Different simulations and recordings of outdoor boom signatures from smaller and larger
aircraft were used as stimuli in the listening tests. The signatures shown in Figure 40 include
different low boom simulations (a)-(c), a simulated sharp (d) and a soft (e) N-Wave and two
recordings (f) and (g) from conventional supersonic aircraft. The signatures (a)-(g) originate
from AIAA sonic boom prediction workshops [Loubeau2014]. The middle curve for signature
(h) in Figure 40 is a recent simulation of a low boom design (NASA, C25D) [Park2017],
[Ishikawa2019]. All original signatures were delivered by Sorbonne University in the context of
the RUMBLE project.

Figure 39 Relationship between ASEL and values of the peak overpressure pmax, for the eight signatures
(a)-(h) indicated by different symbols, at three different levels, each.
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Figure 40 Signals used in the listening tests. Left: Time signals of the pressure for the eight different boom
signals used as input to the simulator. Each subfigure contains three curves for three different levels.
Right: Power spectra for the eight different boom signals used as input to the simulator. Each subfigure
shows the power spectrum only for the medium level of the respective time signature.

Some of the signatures with N-wave shapes or an overpressure substantially above 20 Pa were
considerably attenuated to move them into a similar ASEL range as the low boom simulation
C25D. In this way, all sounds could be accurately reproduced by the simulator and excessive
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Table 3 Overview of stimuli levels. Values of the A- and C-weighted sound exposure level (ASEL and
CSEL) and peak overpressure pmax for the 24 stimuli. Each of the eight different time signals (a)-(h) was
varied threefold in level in 3 dB steps. The first column indicates the origin of the signature when a
delivered signal was used at its original level.

Original
Signal

0
1

2

5
6

C25D

Signature
(a)
(a)
(a)
(b)
(b)
(b)
(c)
(c)
(c)
(d)
(d)
(d)
(e)
(e)
(e)
(f)
(f)
(f)
(g)
(g)
(g)
(h)
(h)
(h)

ASEL

CSEL
dB(A)
67.5
64.5
61.5
61.5
58.5
55.5
64.0
61.0
58.0
69.8
66.8
63.8
66.2
63.2
60.2
69.1
66.1
63.1
57.9
54.9
51.9
64.5
61.5
58.5

pmax
dB(C)
91.8
88.8
85.8
91.7
88.7
85.7
89.7
86.7
83.7
88.2
85.2
82.2
97.4
94.4
91.4
95.9
92.9
89.9
88.9
85.9
82.9
91.1
91.1
88.1

(Pa)
17.01
12.04
8.52
26.56
18.80
13.31
24.53
17.37
12.30
8.49
6.01
4.25
28.63
20.27
14.35
25.01
17.71
12.54
28.55
20.21
14.31
27.41
19.41
13.73

levels for the listeners were avoided. As shown in Figure 40, each signature was varied in level
in 3 dB steps over a 6 dB range. Thus, a broad coverage of ASEL values from 55.5 dB(A) to 69.8
dB(A) and maximum overpressure values from 4.25 Pa to 28.63 Pa was achieved (cf. Figure 39).
Table 3 summarizes the values of the A-weighted and C-weighted sound exposure level and the
maximum overpressure (pmax) for the 24 stimuli. Figure 40 shows the spectrum of the medium
level for each time signature.
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3.1.2.3 Experimental Procedure
The sonic boom signals were rated with respect to the loudness and the short-term annoyance
by single listeners in separate listening tests. The participant sat on a rigid wooden chair on a
wooden platform that can be used to apply whole-body vibrations. In this study, no vibration
stimuli were played back. The participants were not able to see the loudspeakers during the
listening tests because of a visual shield installed on the right side of the loudspeakers. In this
way, a visual impression in terms of the excursion of the loudspeaker membranes was excluded
and the participants were limited to the auditory perception. The participants were asked to
give their annoyance ratings on an 11-point categorical scale. The categories had numerical
labels from 0 to 10 and the ends of the scales had additional verbal labels “not at all annoying”
(0) and “extremely annoying” (10). The verbal scale labels were chosen to be similar to
laboratory studies investigating the annoyance of and tramway noise ([Trolle2014]) as well as
indoor rattle noise ([Rathsam2015]) and chair vibration ([Rathsam2018]) in combination with
sonic booms heard indoors. A similar scale was also proposed as one possibility to quantify
annoyance in field studies [Fields2001].
The short-term annoyance measured in laboratory experiments does not necessarily reflect the
annoyance effect in real life but it is more closely related to the perceived unpleasantness of the
sounds [Marquis-Favre2005]. Annoyance ratings in laboratory experiments often do not cover
the aspect of disturbance and compulsorily lack the feeling of helplessness, which are both
issues in noise annoyance [Guski1999]. To clearly distinguish the results of the present
laboratory tests from field test data, we will use the term short-term annoyance instead of
annoyance in the following.
In addition to the ratings of the short term annoyance, also loudness ratings were collected in a
separate task. For the loudness task, the participants were asked, “How loud was the sound that
you just heard?” The loudness ratings were given on an 11-point categorical scale from 0 (not
loud at all) to 10 (extremely loud). The labels at the ends of the scale were similar to the
annoyance scale and laboratory studies of effects of sonic boom shaping [Leatherwood1992].
The original questions and scale labels were in German language for both tasks because all
participants were native German speakers. The original instructions used in the listening
experiments can be found in Appendix B.
A listening session started by giving the participant general information about the listening
experiments and collected written informed consent (Forms used are in Appendix B). Then the
first listening experiment, either the loudness or the short-term annoyance task, took place in
the simulator. Each experiment started with written instructions and an orientation phase. In
This document reflects only the authors’ view and the Commission
is not responsible for any use that may be made of the information it contains.
©Copyright - RUMBLE Consortium

45

D3.3 – Analysis of indoor perception study
and recommendations
Version 2
the orientation phase, each of the 24 signals was played back to give the participants a complete
overview of the stimuli. Then, the first experiment started and all 24 signals were rated by the
listener in a random order. Directly after each experiment, the participant took a short break
with some questions from the investigator. The first open questions was asking for the first
impressions after the experiment, the second open question was asking for associations with the
sounds and identified sound sources. After a short break, the second experiment started again
with the orientation phase. One group of about half of the participants did the loudness task
first and the short-term annoyance task second in each session. The other half carried out the
two task the other way round. The ratio of female and male participants was balanced over the
two groups of participants. The listening tests were divided into two sessions on different days.
In the first session, the participants received as little information about the background of the
study as possible prior to the listening tests. Only after having finished both listening tests, each
participant was debriefed and finally informed about the background of the study. The
participants were informed that the study was dealing with perception of prospective low sonic
boom sounds. They were further briefed that the sounds originate from supersonic aircraft and
that civil supersonic flights were allowed over water only to avoid detrimental effects for
inhabitants of overflown areas. The second session was a repetition of the same listening
experiments. The same information that was used for the debriefing at the end of the first
session was given at the start of the second session to ensure that all participants had the same
amount of prior knowledge present. Between the first and the second session was a gap of at
least two days (one weekend) and in most cases about one week. The order of the two tasks was
kept the same as in the first session for each participants but the order of the signals was newly
randomized for each task. At the end of the second session, the participants had to fill out a
questionnaire dealing with noise sensitivity (NoiSeQ-R [Griefahn2008], [Schütte2007]) and
attitude towards traffic and traffic noise as well as satisfaction with their current living
environment.

3.1.2.4 Participants
A total of 16 volunteers (10 female, 6 male) participated in the listening tests. The participants
had an average age of 24 years (age range from 19 to 29 years). About 56 percent of the
participants (8 female, 1 male) had prior experience with other listening experiments. The other
44 percent had no prior experience with listening tests. All of the participants declared that they
had no hearing problems. Each participant was paid a compensation of 20 € for the two sessions
(10 € per hour). The commission for research impact assessment and ethics of the University of
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Oldenburg had no objections regarding the listening experiments of this study (ethics
application EK/2018/104).
After the end of the experiments, the participants were asked whether they have heard a real
sonic boom before taking part in the study. Nine participants (7 female, 2 male) have heard a
sonic boom before. The rest of the participants has either not heard a sonic boom before (2
female, 2 male) or was not sure (1 female, 2 male).

3.1.3 Results
The results of a four-way analysis of variance (ANOVA) with repeated measures and two
between subjects factors, calculated with SPSS 25 , are presented in the subsection 3.1.3.1 and
following. Within subject factors were signature ((a) to (h)), relative level (-3, 0 or +3 dB), session
(Session 1, without information or Session 2, with information) and task (loudness or short-term
annoyance). Between subject factors were the order of tasks (annoyance→loudness or
loudness→annoyance) and the gender (female or male) presented in subsection 3.1.3.5. Mauchly's
test indicated that the assumption of sphericity had not been violated for any of the within
subject factors. All effects are reported as significant at p < 0.05.
In Subsection 3.1.3.6 and 3.1.3.7, qualitative results from the interviews after the listening
experiments are presented.

3.1.3.1 Influence of Time Signatures and Level Changes
Figure 41 shows the average short-term annoyance and loudness ratings for the eight different
signals at three different levels each. The average ratings cover a broad range of scale values
between 1 and 8.5 scale units for short-term annoyance ratings and for the loudness ratings. In
general, the ratings differ between the signatures, with a significant main effect for signature
F(7, 84) = 153.20, p < 0.05, part. η² = 0.93, and increase with rising levels indicated by a main
effect of the level, F(2, 24) = 436.35, p < 0.05, part. η² = 0.97. There also was a significant
interaction effect for signature∗ level, F(14, 168) = 4.34, p < 0.05, part. η² = 0.27. This means that the
variation of the level affected the judgments differently for different signals.
Furthermore, there were significant interaction effects for signature∗ order, F(7, 84) = 3.39, p <
0.05, part. η² = 0.22, a significant interaction effect for signature∗ gender, F(7, 84) = 5.66, p < 0.05,
part. η² = 0.32, and a significant interaction effect for signature∗ order∗ gender, F(7, 84) = 2.26, p <
0.05, part. η² = 0.16. Similarly, there were significant interaction effects for level∗ order, F(2, 24) =
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7.77, p < 0.05, part. η² = 0.39, for level∗ gender, F(2, 24) = 6.37, p < 0.05, part. η² = 0.35, and for level∗
order∗ gender, F(2, 24) = 9.43, p < 0.05, part. η² = 0.44. The effects of the between subject factors
order and gender are further presented and discussed in subsection 3.1.3.5.

Figure 41 Influence of relative level change. Short-term annoyance (left) and loudness (right) ratings
plotted over the relative level ΔL for the eight different signatures (a)-(h) averaged across participants
(N=16) and both sessions. The symbols indicating the eight different signatures are slightly shifted on the
abscissa to visually disentangle the error bars that indicate the 95% confidence interval.

3.1.3.2 Relationship between average ratings and acoustic metrics
The results of the short-term annoyance ratings from the both sessions averaged across all 16
participants are shown in Figure 42 plotted over the A-weighted sound exposure level of the
signals. In general, the average annoyance ratings increase with rising ASEL values for each of
the signatures and the correlation coefficient (Pearson's ρ) between ASEL values and the
average short-term annoyance ratings for all sounds was statistically significant (ρ = 0.940; p <
0.001). Signature (f) is the most annoying signature among the other signatures with similar
ASEL values. The three levels of signature (a) are the least annoying signals in their ASEL range
although the absolute ASEL values are quite high. Signature (h), the low boom simulation
C25D, is found among the other signals. Only for ASEL values below 60 dB(A), it is slightly less
annoying compared to the other signals of this set with similar ASEL values. The results of the
loudness ratings from the both sessions averaged across all 16 participants are shown in Figure
43 plotted over the A-weighted sound exposure level (ASEL) of the signals. The average
loudness ratings do cover a similar range of scale values as the short-term annoyance ratings. In
general, the loudness ratings increase with rising ASEL values for each of the signatures and the
correlation coefficient (Pearson's ρ) between ASEL values and the average loudness ratings for
all sounds was statistically significant (ρ = 0.936, p < 0.001). Correlation coefficients between
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different commonly used acoustic metrics and the average ratings for short-term annoyance
and loudness are given in Table 4.

Figure 42 Short-term annoyance ratings plotted over the ASEL values. Ratings averaged across
participants (N=16) and both sessions are shown for the 24 stimuli. Symbols indicate the eight signatures
(a)-(h). Error bars show the 95% confidence interval.

Figure 43 Loudness ratings plotted over the ASEL values. Ratings averaged across participants (N=16)
and both sessions are shown for the 24 stimuli. Symbols indicate the eight signatures (a)-(h). Error bars
show the 95% confidence interval.
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Table 4 Correlation coefficients between judgments and acoustic metrics. Pearson's correlation
coefficients ρ and p-values between selected acoustic metrics and average ratings for short-term
annoyance and loudness.

Metric
ASEL
BSEL
CSEL
DSEL

Short-Term Annoyance
ρ = 0.940, p < 0.001
ρ = 0.867, p < 0.001
ρ = 0.598, p = 0.002
ρ = 0.710, p < 0.001

Loudness
ρ = 0.936, p < 0.001
ρ = 0.866, p < 0.001
ρ = 0.606, p = 0.002
ρ = 0.712, p < 0.001

3.1.3.3

Influence of Information about the Study's Background on the Loudness and
Annoyance Ratings
The main effect of the factor session was not statistically significant, F(1, 12) = 0.33, p = 0.58, part.
η² = 0.03. Figure 44 shows the relationship between the average ratings for the first session
(Session 1) without information and the second session (Session 2) with information in separate
subplots for the loudness and the annoyance ratings, each. In line with the insignificant main
effect of the factor session in the ANOVA results, the average ratings in the second session are
highly correlated with those in the first session. Pearson's ρ was statistically significant in case of
the loudness task (ρ = 0.988, p < 0.0001) and for the annoyance task (ρ = 0.986, p < 0.0001).
Surprisingly, the information of the background of the study and prospective future sound
sources seem not to directly affect the judgments in the listening tests.

Figure 44 Influence of background information. Average ratings (N=16) from Session 2 (with information)
plotted over the results from Session 1 (without information) for the loudness ratings (left) and short-term
annoyance (right). Symbols indicate the eight signatures (a)-(h).
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3.1.3.4 Relationships between loudness and short-term annoyance Ratings
The main effect of the factor type of task was not statistically significant, F(1, 12) = 1.01, p = 0.34,
part. η² = 0.08 but there was a significant interaction effect for task∗ order∗ gender, F(1, 12) = 11.12,
p < 0.05, part. η² = 0.48. The effects of the between subject factors order and gender are further
presented and discussed in subsection 3.1.3.5. Figure 45 shows the relationship between the
average loudness and short-term annoyance ratings in separate subplots for the first session
(w/o information) and the second session (w/ information). The average short-term annoyance
ratings are tightly linked to the loudness judgments and the average values for short-term
annoyance and loudness are nearly identical (on the diagonal line in Figure 45). In the results
from the first session (Figure 45, left), only some of the average short-term annoyance values are
slightly lower than the corresponding loudness values. In line with the insignificant main effect
of the factor task in the ANOVA results, the average ratings from short-term annoyance task are
highly correlated with those of the loudness task. This is the case for the first session without
background information (ρ = 0.990, p < 0.0001) and for the second session with background
information (ρ = 0.994, p < 0.0001). The average short-term annoyance judgments are thus
tightly linked to the loudness sensation in each of the two sessions of this study.

Figure 45 Relationship between the average loudness and short-term annoyance ratings for all 24 stimuli.
Shown are average values (N=16) from the first session (left) without background information and the
second session (right) with information on the background of the study. The dashed line indicates
identical ratings. Symbols indicate the eight signatures (a)-(h).
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3.1.3.5 Influence of Task Order and Gender
For the between subject effects, there was a significant effect for the order of the tasks, F(1, 12) =
5.22, p < 0,05. On average, the ratings were 0.62 scale units higher if the annoyance task was first
and the loudness task second compared to the opposite order of the tasks. Figure 46 shows that
this effect is mainly driven by the signatures (a), (d), (e), (f), and (h).
There was also a significant effect of gender, F(1, 12) = 28.44, p < 0.05. On average, female
participants rated the low boom sounds 1.44 scale units higher (more annoying and louder)
than the male participants. Figure 47 shows that the difference between the ratings coming from
the female and the male is largest for the signatures (c), (d), and (f).
Note that although there is a significant effect of gender, it leads to a change in ranking order
for only two sounds in our current experiment (cf. Figure 47). Eventually there was a significant
interaction effect of order∗ gender, F(1, 12) = 8.77, p < 0.05. This means that, the order of the tasks
affected the judgments by the female and the male participants differently.

Figure 46 Influence of task order. Ratings averaged across sessions, tasks and participants (N=8) for the
factor order of the two tasks. The symbols indicating the eight different signatures are slightly shifted on
the abscissa to visually disentangle the error bars that show the 95% confidence interval. Symbols indicate
the eight signatures (a)-(h).
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Figure 47 Influence of gender. Ratings averaged across both sessions, tasks and levels for the factor
gender. The symbols indicating the eight different signatures are slightly shifted on the abscissa to
disentangle the error bars that show the 95% confidence interval. Symbols indicate the eight signatures
(a)-(h).

The results from the NoiSeQ-R questionnaire are given in Table 5. Overall, the participants have
an average noise sensitivity of 1.64 on the NoiSeQ-R scale from 0 to 4. The group of female
participants has a slightly higher noise sensitivity score of 1.79 (± 0.58) compared to 1.39 (± 0.58)
for the male group. The higher noise sensitivity score of the female participants (see Table 5)
might be an explanation for the higher short-term annoyance and loudness ratings compared to
the male participants [Ellermeier2001].

Table 5 Noise sensitivity scores derived from the results of the NoiSeQ-R questionnaire. Given are the
average values and standard deviations for the three sub scales (Sleep, Habitation and Work), and the
total value for the female, the male and all participants.

NoiSeQ-R Sub Scale
Sleep
Habitation
Work
Total

female
1.78 ± 0.42
1.60 ± 0.47
2.00 ± 0.44
1.79 ± 0.58

male
1.21 ± 0.43
1.33 ± 0.70
1.63 ± 0.59
1.39 ± 0.58

all
1.56 ± 0.50
1.50 ± 0.61
1.86 ± 0.66
1.64 ± 0.60
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3.1.3.6 Statements of the Participants in the Interviews after the Listening Tests
Directly after each listening experiments the participants were asked about their impressions
and associations with the sounds they heard. Several very different associations were
mentioned by the participants. Figure 48 shows the number of participants that mentioned a
certain aspect for the most frequently stated aspect. In the first session the participants did not
receive any information about the background of the study and the potential source of the
sounds. After the first listening test, half of the participants associated the sounds with
knocking on a door or a wall. Six participants associated sounds from music, bass-drum, music
over headphones, concerts, bass in electronic music, or bass tones. Five participants had
associations to something falling over, falling down or being moved. A quarter of the
participants mentioned heartbeat or a heart beating as an association. Only one male participant
out of the overall 16 participants mentioned an aircraft breaking the sound barrier as a sound
source. After the second listening test of the first session, many aspects were mentioned again
and similarly often as before. However, something falling over/down received three more
mentions than after the first experiment.

Figure 48 Count of the most frequently stated aspects from Session 1, without background information
(left) and Session 2, with background information (right). Filled bars show the count of mentions after the
first experiment and open bars after the second experiment of a session. Further items stated only a single
time are not shown here but mentioned in the text.
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At the end of the first session of listening experiments, the participants were debriefed and
informed about the background of the study and future supersonic aircraft as prospective
sound sources. The information for the debriefing was used again at the start of the second
session to make sure every participants had the information on the background of the study
present. After the first experiment of the second session, which took place on different day,
many aspects were similarly mentioned as in the first session. The aspect of something falling
over/down was mentioned only a single time after the first experiment of the second session.
Four participants stated after the first experiment that, in accordance with the information on
the study given to them, they associated aircraft sounds and sonic booms with the presented
sounds. Six participants mentioned that the sounds were not an aircraft, not coming from an
aircraft or not being a sonic boom. Out of the six participants, four female participants had
heard a sonic boom before the experiments while the two male participants have not heard a
sonic boom before or were unsure about that. The explicit statements of the participants might
be interpreted as an indication for a lack of realism in the listening tests. It is also possible that
the sounds were too unfamiliar and unknown for the participants to be associated with aircraft.
However, this aspect (not an aircraft) was not stated again after the second experiment of this
session. Despite the given information about the study's background, six out of the 16
participants did not make any references to aircraft or sonic boom sounds in their associations
and potential sound sources. Beyond the results shown in Figure 48, there were some further
associations stated by individual participants, including a subway or a tram, a slamming door,
pressure compensation, an explosion when wearing a headphone, a ball bouncing, somebody
stomping on the floor, pot-banging, somebody running down stairs, a firecracker thrown into a
manhole, and a jackhammer at a construction site. Overall, these qualitative results indicate that
it can be difficult to convince participants of a certain noise source in a laboratory listening test.
The rather low sound pressure levels for some of the signals might have contributed to this
circumstance especially in the context of sonic boom.

3.1.3.7 Criteria for annoyance judgments
At the end of each session, the participants were asked for the acoustics aspects underlying the
annoyance judgments. Nearly all participants (15 out of 16 participants) mentioned the
loudness of the sounds as a criterion, which could be expected given the within subject design
with a loudness and a short-term annoyance task. But also other acoustic aspects were
mentioned. Clear or shrill sounds were perceived more annoying by four participants in Session
1 and one in Session 2 while one participant found that sounds that were not clear more
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annoying. In both sessions, two participants found dull/low sounds more annoying while dull
sounds were less annoying/more pleasant for three participants. Five participants found two
sounds quickly after each other or a knocking sound more annoying in both sessions while one
participants stated that a single bang was more annoying than the double knocking in Session 2.
Some participants mentioned that the time between the two sounds did not play a role for them
(two participants in Session 1 and one in Session 2). Further acoustic aspects linked to the
annoyance were when “the sounds could be felt” or if “it included such a pressure”. These
statements indicate the importance of very low frequency content for the annoyance ratings.

3.1.4 Discussion
3.1.4.1 Relationship between average ratings and acoustic metrics
The different ratings between signatures with similar peak overpressure but different signature
shapes is in general agreement with the results of Leatherwood and Sullivan
[Leatherwood1992]. In their study, signatures with a steep front-shock rise time were louder
than those with a shallower font-shock. In the present study, sharp N-wave signatures, like
signature (f) in Figure 40, are rated to be louder and also more annoying than signatures with a
more shallow rise, like signature (b) and (c) in Figure 40, while having similar peak
overpressure values.
The correlation coefficients between the average subjective ratings and the ASEL values from
the present study (cf. Table 4) are similar to those found in the literature. Leatherwood and
Sullivan found correlation coefficients around 0.96 between ASEL values and loudness ratings
for simulations created from connected straight lines [Leatherwood1992]. In their study, the
level range was considerably wider and the absolute ASEL values were considerably higher
than in the present study. In another study, the same authors reported very high correlation
coefficients between ASEL values and loudness and annoyance values obtained from
magnitude estimation experiments also for a similar range of ASEL values like in the present
study [Leatherwood1993]. Apparently, the loudness and annoyance differences between simple
simulations like N-waves or created from straight lines and more complex simulations like in
the present study is reflected quiet well by ASEL values, which was also similarly found by
Sullivan [Sullivan2004]. The correlation coefficients are higher for A-weighted than for Cweighted SEL in the present study, which is in overall agreement with results found in the
literature [Carr2020], [Naka2013], [Sullivan2004], [Loubeau2013], [Loubeau2015]. The present
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correlation coefficients are also higher for BSEL and DSEL than for CSEL like in [Carr2020],
[Naka2013], [Loubeau2015]. The stimuli in the present study were presented quite dry without
rattle sounds, which were found to introduce variability in annoyance judgments for equal PL
values [Loubeau2013]. Thus, including rattle sounds in future listening experiments may
increase the variability in the ratings and lead to lower correlation coefficients between level
based metrics and ratings.
Other studies indicate that psychoacoustic loudness Models [Marshall2007b][Marshall2008] or
the inclusion of a loudness derivative and duration describing the sound character into multimetric annoyance models [Carr2020] can enable a better characterization of the perception of
transient sounds than single level based measures only. A description of the present ratings
with loudness and other psychoacoustic models might be worthwhile in the further analysis of
the present results.

3.1.4.2 Link between loudness and annoyance judgments
In the present study, a tight link between loudness and short-term annoyance ratings was
observed for low sonic boom sounds. Similarly, Marshall and Davies found high loadings of the
adjective pairs “not annoying – annoying” and “soft – loud” on a common factor
[Marshall2007a], [Marshall2008]. Such a close relationship between the loudness judgment and
the evaluation of a sound is also similar to other studies that collected loudness and annoyance
ratings of community noises in laboratory listening tests [Berglund1981]. However, the order of
the loudness and the short-term annoyance task had a statistically significant influence on the
ratings in the present study. This indicates that although the two aspects are tightly linked to
each other, the participants did apparently not understand them as interchangeable. It might be
possible to distinguish between the two aspects when using a different experimental method. In
other studies, it could already be shown that a distinction between loudness and preference
judgments is possible especially for unpleasant sounds by measuring points of subjective
equality with an adaptive variation of the overall level [Töpken2018], [Töpken2018].

3.1.4.3 Criteria applied by the participants
In the present study, five participants clearly stated that two bangs occurring quickly after each
other were more annoying for them, which is in contrast to the observation that Fidell et al.
made [Fidell2002]. Fidell et al. did not observe a distinction between annoyance judgments of
shorter- or longer-duration simulated sonic booms. In the present study, only a few participants
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mentioned that the time between the two bangs did not play a role for them. Some of the
participants of the present study support another conclusion of Fidell et al. that the low
frequency content may control the annoyance. On the other hand, other participants found clear
and shrill sounds more annoying or dull and low sounds less annoying or more pleasant. The
broad variety of different signatures in the present study might have contributed to the
diversity in judgment criteria.
Marshall and Davies identified perceptual dimensions of low sonic booms and other transient
environmental sounds [Marshall2007a]. The three most important factors in their study were
related to (1) loudness, startle and contributing to annoyance, (2) to temporal factors and
duration of the signals and (3) the spectral balance of the signals. The second and third factor
were found to be more important for a sonic boom simulator experiment than in an experiment
with earphones and high-pass filtered sounds [Marshall2008]. The criteria for the annoyance
judgments stated by the participant in the present study (in Subsection 3.1.3.7) also included
how loud, how dull/low or shrill/clear the sounds were and how quickly the bangs occurred
one after another. Thus, the perceptual aspects mentioned by the participants in the present
study confirm the perceptual factors identified by Marshall and Davies in general.
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3.1.5 Interim Conclusion: Indoor subjective perception of the low boom
Loudness and short-term annoyance ratings were collected for conventional sonic boom and
low boom signatures at low overall levels. The main effects for the factors signature and relative
level as well as an interaction effect between the two were statistically significant. The average
annoyance ratings were best reflected by ASEL values compared to other frequency weightings
and sound exposure levels. The results show that the tested low boom designs are similarly
loud and annoying like conventional and N-wave like sounds when presented at similar ASEL
values. Based on the determined relationships between relative level changes and short-term
annoyance ratings, the observed remaining variability of about 2 scale units between sounds
with similar ASEL values may be estimated as a level equivalent of 3 to 6 dB.
Surprisingly, information on the background of the study and the prospective sources of
sounds did not significantly affect the ratings of sonic boom sounds in the present laboratory
study. The average ratings of two successive session were highly correlated to each other for the
loudness as well as the short-term annoyance ratings. This finding suggests that the participants
primarily focused on the acoustic stimuli for a rather direct formation of their judgments in the
rather artificial laboratory environment. Furthermore, a tight link between loudness and shortterm annoyance ratings was observed but the two concepts were not understood as
interchangeable by the participants shown by a significant task order effect.
Future studies could include imagined or simulated contexts to obtain ratings that are closer to
a prospective real life assessment and more ecologically valid [Marquis-Favre2019]. Potentially,
including room acoustic reverberation might also contribute to the perceived realism and
mightiness by giving listeners an impression of a large event affecting the surrounding building
even if a sound is not perceived as very loud. Furthermore, the realism of the signatures should
be improved by including post-boom rumble, which can be more important than the
reproduction of the very low frequency content [Sullivan2008].
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Appendix A
Figure 49 Reproduction of “sstg_crosscheck_1_fs12000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 50 Reproduction of “sstg_crosscheck_1_fs12000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 51 Reproduction of “sstg_crosscheck_1_fs12000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 52 Reproduction of “sstg_crosscheck_1_fs12000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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Figure 53 Reproduction of “sstg_crosscheck_3_fs12000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 54 Reproduction of “sstg_crosscheck_3_fs12000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 55 Reproduction of “sstg_crosscheck_3_fs12000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 56 Reproduction of “sstg_crosscheck_3_fs12000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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Figure 57 Reproduction of “sstg_crosscheck_4_fs48000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 58 Reproduction of “sstg_crosscheck_4_fs48000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 59 Reproduction of “sstg_crosscheck_4_fs48000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 60 Reproduction of “sstg_crosscheck_4_fs48000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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Figure 61 Reproduction of “sstg_crosscheck_5_fs48000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 62 Reproduction of “sstg_crosscheck_5_fs48000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 63 Reproduction of “sstg_crosscheck_5_fs48000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 64 Reproduction of “sstg_crosscheck_5_fs48000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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Figure 65 Reproduction of “sstg_crosscheck_6_fs24000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 66 Reproduction of “sstg_crosscheck_6_fs24000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 67 Reproduction of “sstg_crosscheck_6_fs24000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 68 Reproduction of “sstg_crosscheck_6_fs24000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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Figure 69 Reproduction of “sstg_crosscheck_7_fs12000_2sBodo04_Z1_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.

Figure 70 Reproduction of “sstg_crosscheck_7_fs12000_2sBodo04_Z2_acc” on the vibration platform with
a person sitting on the chair without (left) and with (right) equalization.
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Figure 71 Reproduction of “sstg_crosscheck_7_fs12000_2sOsenZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.

Figure 72 Reproduction of “sstg_crosscheck_7_fs12000_2sSIBOZ_acc” on the vibration platform with a
person sitting on the chair without (left) and with (right) equalization.
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Appendix B
Following are documents (in German language) used in the listening tests






General information to the participants (Page 78)
Consent form (Page 82)
Information about the background of the study (Page 83)
Instruction for the loudness task (Page 84)
Instruction for the short-term annoyance task (Page 85)
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