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A simulator has been designed that reproduces, with highest possible fidelity, « low » sonic 

booms from future civil supersonic aircraft in an existing house. This allowed us to enhance the 

ecological validity of perception studies compared to the artificial laboratory environment. 

Selected outdoor booms, covering a variety of waveforms and amplitudes, were reproduced 

indoor, assuming wide open windows. Fidelity was achieved by a double optimisation process, 

successively in the frequency, and then in the time, domains. Interaction with the house was 

shown to strongly modify the indoor booms, with more complex shapes than outdoor booms, 

possible resonances and rattle noise. We then used the simulator to evaluate the annoyance 

caused by low booms on 41 participants, as well as their impact on participants’ performance in 

psychophysical and cognitive tasks. We investigated interference of booms with a drawing task, 

a working memory task, a communication task, and during rest. We compared the degree of 

unpleasantness of the booms to other, familiar sounds, and the loudness between booms 

perceived in different conditions. Data analysis led us to conclude about possible boom 

interference with rest, psychomotor or cognitive performances, and to propose several 

recommendations. 
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1.  Executive Summary 
 

With the aim of establishing a regulation on sonic boom and satisfying ICAO 2020 General 

Assembly resolution A33-7 that « no unacceptable situation for the public is created by 

sonic boom from supersonic aircraft in commercial service », we designed a simulator 

that reproduces « low » sonic booms from future civil supersonic aircraft  in order to study 

the interference of such booms on human activities. This simulator was thus implemented 

in an existing house, with enhanced ecological validity compared to the artificial laboratory 

environment. The simulator was used to evaluate the annoyance caused by low booms, 

as well as their impact on performance in psychophysical and cognitive tasks. The sonic 

boom simulator was initially designed to reproduce with highest possible fidelity outdoor 

booms, or indoor booms assuming wide open windows, of low amplitude and of various 

shapes in a controlled way, inside two bedrooms of an existing house located on a 

campus of Sorbonne Université. A double optimisation process of the input signals was 

used, successively in the frequency, and then in the time, domains. The measured booms 

matched with high precision the amplitude, time waveform and frequency spectrum, down 

to 1 Hz, of the target signals. The simulator could also be used with appropriate 

optimisation to simulate indoor booms emanating from two virtual open windows inside 

the house living room and kitchen. In this case, the interaction with the house strongly 

modified the indoor booms, with a more complex shape, possible resonances and rattle 

noise.   

The perception study aimed to test the responses by participants, engaged in a wide 

range of activities, to such low booms in the complex, realistic, indoor noise environment. 

First, we designed a drawing task to try to quantify boom-triggered startle via the swerves 

that it might cause in participants’ drawing. Secondly, as the detrimental effect of noise 

on working memory is well documented, we investigated the effect of the booms on one 

of the most popular experimental paradigms for assessing working memory (N-back 

task). Thirdly, we tested whether the booms would impair communication: even though 

the very short duration of a boom means that it would not mask much speech information, 

its annoyance might be particularly high in the context of an auditory task requiring 

participants to listen attentively. Fourthly, we sought to assess the subjective quality of 

the booms using the affective priming paradigm and compare the degree of 

unpleasantness of the booms to other, familiar sounds. Fifthly, as we expected boom 
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annoyance to be greater when people would try to rest, we included mandatory rest 

periods during which booms were presented in the background. Finally, questionnaires 

complemented our approach all along the study. Forty-one adult participants, aged 18‒

69 years, completed the study between September 10th and October 27th 2020. Detailed 

analysis of collected data led us to mainly conclude that low sonic booms are more 

disturbing and unpleasant when people are trying to rest than when they are focusing on 

a task. A higher boom level makes the booms more disturbing and unpleasant, but a 

higher boom level does not seem to necessarily result in worse task performance.  Low 

sonic booms can impair cognitive performance (attention, working memory and 

communication efficiency) as well as motor control in a small but consistent measurable 

way, even at dBA levels no louder than the level of a conversation in a quiet environment. 

These conclusions finally led us to propose several recommendations, regarding future 

research studies and preparation of community surveys.  
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2.  Low boom simulator for an existing house 
 

2.1. Introduction 
 

Sonic boom is one of the main barriers to the renewal of civil supersonic aviation, 

seventeen years after Concorde’s last flight. The loud and sudden double detonation 

noise it produced all along its supersonic cruise made overland flights unacceptable and 

restricted Concorde service to transatlantic routes. This also lead many countries in the 

70’s to strictly forbid any civil supersonic overland flight. Following pioneering theoretical 

works (Jones, 1961, George and Seebass 1971, Seebass and George 1972) based on 

fundamental Whitham’s theory of sonic boom (Whitham 1952), tremendous progress has 

however been achieved in the design of supersonic aircraft to significantly reduce sonic 

boom noise level at the ground. The Shaped Sonic Boom Demonstration (SSBD) 

American program demonstrated in 2003 for the first time in-flight boom mitigation by 

modifying the aft-fuselage of an F-18 fighter (Pawlowski et al. 2005). The Japanese D-

SEND program (Kanamori et al. 2017) measured and compared the boom levels of two 

dropped bodies of revolution, one of which with a low boom design. Assembly of NASA 

X-59 Quiet Supersonic Technology demonstrator is yet in progress. It is designed to reach 

a ground boom level of 75 PLdB (Stevens Mark VII, Stevens 1972) in standard 

atmosphere (Doebler 2020). It will validate technologies for reducing loudness of a sonic 

boom, and gather data on human responses to low-boom exposure. Such community 

surveys, currently planed late 2024, were tested through the Quiet Supersonic Flights 

(QSF18) performed over Galveston (Texas, USA) in 2018, with booms of low amplitude 

resulting from dive manoeuvre of an existing F18 fighter (Page et al. 2020). 

 

Human response to N-like booms or to shaped booms of lower levels is evaluated though 

data gathered by means of laboratory, in-home and field studies. Field studies take place 

in a normal listening environment, but loose precise details of the sound exposure. 

Laboratory studies provide the highest control of sound field but require a very abnormal 

listening environment (Sullivan, 2006). Maglieri et al. (2014) review seven booths 
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designed to reproduce sonic booms of high amplitude with a high control since 1965. 

Most of them are tiny airtight cabins surrounded by multiple loudspeakers, such as NASA 

one (Leatherwood et al., 1991) offering a volume of 1.6 m3 for only one seated person. 

Such technology was also used more recently in Japan (Naka 2013). In Rumble 

European project, a similar system is used at University of Oldenburg (Töpken and van 

de Par, 2021 - Rumble deliverable D3.3, Töpken and van de Par, 2021). A larger portable 

chamber was developed by Gulfstream for demonstration purposes (Salamone 2006). It 

was installed in a mobile trailer, offering a larger volume for four standing people. The 

trailer is used as a waveguide with an anechoic termination efficient above 50 Hz. As a 

consequence, only a band-pass filtered waveform can be reproduced. However, realism 

of boom sound reproduction was judged somewhat superior for this system (Sullivan et 

al. 2008). 

 

Paradoxically, all these narrow chambers are best suited for investigating outdoor boom 

responses. An indoor boom will also be affected by specific construction features of walls, 

roofs, doors and primarily windows, and also by interior layout. Human response will also 

be dependant on what is the person doing at the time of boom exposure. All these effects 

cannot be investigated within tiny boom booths. Past community surveys investigated 

only loud, standard booms and are therefore of limited help to provide quantitative data 

to establish a future regulation applicable to low sonic booms. Nevertheless, the causes 

of annoyance of a conventional boom are now quite well understood, following several 

community surveys (Hilton et al. 1964, Nixon and Borsky, 1965, Fields 1997) including 

low amplitude booms from dive manoeuvres (Sullivan et al. 2010), laboratory studies 

(Leatherwood 2002) and in home studies (McCurdy et al., 2004). Coulouvrat (2009) made 

a synthesis in 2009. Maglieri et al. (2014) establish an extensive state of the art prior to 

2014. Loubeau and Page (2018) summarize more recent NASA studies relevant for low 

booms.  Main factors identified to influence human response to sonic boom are startle, 

house shaking, rattle noise and damage concerns. The prevalence of these factors is 

common with artillery noise (Schomer 2004). Interferences with sleep, rest and to a lesser 

extent conversation rank second, though there is still concern regarding sleep disturbance 

due to the lack of data (Coulouvrat 2009). Note that sonic boom interference with sleep 

is explicitly mentioned as a possible concern by most recent resolution of ICAO general 

assembly (ICAO 2020). During the community survey over the city of St Louis 

(Mississippi) in 1961-62 (Nixon and Borsky, 1965), 45 supersonic flights among a total of 
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76 occurred between 9 pm and 4 am. Almost 25% of the respondents reported annoyance 

by sleep interference. About 15% of annoyance by sleep interference were also reported 

during the Oklahoma City survey in 1964 (Hilton et al. 1964), even though no boom was 

produced by night. Only two studies explored in the late 60’s and in the laboratory 

interference of sleep by sonic boom exposure (von Gierke and Nixon, 1972). Twelve 

people (6 women, 6 men) aged 7 to 72 were exposed over 4 to 16 nights to 3 to 12 booms 

per night in the range 30 to 125 Pa, with boom exposure diminishing with age. Sleep 

quality was monitored by electroencephalogram (EEG) and electrooculogram (EOG) 

detecting Rapid-Eye Movement (REM) stage of sleep, completed by awakening self-

responses. The studies indicate more awakenings for loud booms than for less loud ones, 

some adaptation only for booms of less amplitude, much more awakenings for older 

subjects, and awakening rate almost independent of amplitude during REM stage. Some 

possible concern regarding sleep interference by sonic boom, especially for older people 

or during the REM stage, is therefore outlined. However, only few subjects were exposed 

to relatively loud booms with exposure varying between the subjects. Boom levels were 

quantified solely by their peak amplitude. Sleep stages were not monitored by 

electromyogram (EMG) and electrocardiogram (ECG) which nowadays complement EEG 

and EOG in modern polysomnography, today’s gold standard for sleep studies. 

 

Therefore, in-home studies, with sonic booms reproduced through arrays of 

loudspeakers, appear as an appealing compromise between the highly artificial listening 

environment of boom cabins, and the costly community surveys with poor quantitative 

information on noise exposure. They allow a good control of sound exposure and a 

realistic environment, the so-called "ecological validity”. They are currently all the more 

appealing as low-boom aircraft do not exist yet, and low amplitude sonic booms result 

only from numerical simulations of putative supersonic aircraft. Also in-home studies are 

more likely to reproduce some other factors that have been shown to be key ingredients 

of human indoor response. 

In a 1993 study (published in 2004, McCurdy et al.) an array of 3 or 4 loudspeakers played 

a randomly preprogrammed sequence of three different boom waveforms in the range 66 

to 74 dBA (ASEL) with a total of 4 to 63 booms per day. The system was installed inside 

homes of 33 participants along with 2 microphones measuring sound signal. The low 

number of loudspeakers and their limited bandwidth lead to a sound reproduction far from 

a sonic boom shape. Results indicate an increase of annoyance with boom level, with 
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number of occurence, with age of participants, in case of boom-related startle and when 

participants were sleeping or resting. A decrease of annoyance is reported when 

participants engaged in communication activities. More recently (Klos 2012), NASA built 

in its Langley Research Center a large size simulator designed for studying indoor boom. 

A single room (4.09 x 3.45 x 2.54 = 35.84 m3) facility, built using typical US residential 

construction methods and materials, is surrounded by two arrays of loudspeakers close 

to two of the exterior walls, with a total of 52 subwoofers and 52 mid‐ range speakers, so 

that indoor boom can be transmitted through one or two room walls, one with a closed 

window. Indoor speakers can also reproduce rattle noise. Using this facility, a notional 

model has been proposed to incorporate increased annoyance due to rattle, enlarging for 

a given outdoor boom level its indoor variation due to structural transmission (Rathsam 

et al. 2015). The penalty can be typically up to 10 PLdB. Floor vibrations transmitted 

through a chair have similarly been evaluated as a typically 5 PLdB penalty (Rathsam et 

al. 2018). 

    

Therefore, in the view to establish a regulation on sonic boom and satisfy ICAO General 

Assembly resolution A33-7 that « no unacceptable situation for the public is created by 

sonic boom from supersonic aircraft in commercial service » (ICAO 2020), possible sleep 

interference cannot be ignored. As long term community surveys cannot be achieved 

before a supersonic fleet enters in service in several years, laboratory scale studies with 

careful sleep monitoring are unavoidable to provide sufficient night data of high quality. 

However, sleep quality is strongly variable among people, a high number of volunteers is 

necessary and ecological validity requires studies to be performed in an environment as 

familiar as possible for them. This motivated the present study, aimed at developing a 

simulator that reproduces sonic booms in an existing house, and not in the artificial 

laboratory environment. To our knowledge, this has never been realised. The simulator 

here presented reproduces sonic booms in the bedroom of an existing house, minimising 

its impact on the overall building by simply obtruding one bedroom window. 

 

Part 2 describes the simulator. The second section 2.2 presents the selected house and 

its neighbouring environment. Then the different assumptions leading to the choice of 

boom exposure are detailed (section 2.3). The fourth section 2.4 describes the simulator 

design and its realisation, and the fifth one (2.5) details the process of signal optimisation 

and compares measured to target boom signals. Booms measured in the living room and 
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kitchen as they were perceived by participants for such studies are examined in section 

2.6 and induced rattle noise in section 2.7. Section 2.8 concludes about the simulator. 

Influence of boom exposure on psychomotor performances is the topic of parts 3 to 6 of 

this report. Part 3 details the protocol of the study performed to evaluate the annoyance 

caused by low booms, as well as their impact on performance in psychophysical and 

cognitive tasks. Part 4 presents the data analysis of this study, and part 5 the results 

which are discussed in part 6 before the conclusion.  

 

 

2.2. Description of site and house 
 

The test house is located (48.801705 °N, 2.075682°W) near the entrance of St Cyr’s 

campus of Sorbonne Université, devoted to engineering science. This campus is located 

at the outskirts of Saint-Cyr-l’Ecole city (population 18,795 in 2017), about 21.5 km west-

southwest from Paris Notre Dame. The campus (Figure 1) is surrounded: 1) on its north 

side by a small wood and further by agricultural land, 2) on its east side by an abandoned 

railway track and further by a military field, 3) on its south side by a one-floor social 

building with student accommodation, then further a four-lane road (D10) and a car park 

at the foot of a small hill on which runs an active railway track (lines C, N and U of Paris 

regional railway network). Only its western side is occupied by private housing, either 

individual houses or small blocks of flats of no more than four floors. They are separated 

from campus by a stone wall about 2 m high, the former historical western limit of 

Versailles palace great park. Though not isolated, the campus is therefore relatively calm 

and green. It can be accessed only from D10 main road by a small dead-end on its 

eastern side. Note however relatively heavy works are currently in progress to refurbish 

the abandoned railway track. 



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  22 
 

©Copyright - RUMBLE Consortium 

 
Figure 1 – aerial view of the site. Test house is yellow rectangle and Sorbonne Université 
campus is delimited by yellow dotted line. 
 
The test house (Figure 2) is a three storey building plus a basement, normally used as an 

accommodation for students and visiting professors of Sorbonne Université. It is 

surrounded by two other similar houses distant about 20 m and permanently occupied by 

University staff. Buildings housing research laboratories, teaching activities and 

administration are located northward, the nearest one about 100 m. Test house was 

constructed in the late 19th century with thick walls (52 cm) made of grinding stones and 

large single pane windows. The ground floor is occupied by a single apartment made of 

three bedrooms, one living room, one kitchen and one bathroom with toilets. Bedroom 1 

looking on the house front is 2.5 m x 3.85 m x 3.10 m = 29,84 m3. Other bedrooms are of 

nearly same dimensions and volume. The living room is 6.19 m x 3.84 m x 3.10 m = 72,92 
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m3, and the kitchen is 3,51 m x 3.69 m x 3.10 m =  40,15 m3. A side door in the kitchen 

opens directly into the garden. This door is loosely fitted, a peculiarity used in the present 

work. Only the ground floor was used for the study. The second floor is occupied by a 

similar apartment, and the third floor under the rafter is unused. 

 

      
 
Figure 2 – left: front view of the test house. Left ground floor window opens on bedroom 

1, right ground floor window opens on stairs. Right: map of the ground floor apartment 

with position of simulators and measurement points.  

 

2.3. Choice of low boom signals 
 

Civil supersonic low boom aircraft do not exist yet. Military fighters do not produce a low 

boom. Specific manoeuvres (dive) can induce a low amplitude wave in the flight direction, 

but create a focused boom of high amplitude in the opposite one. Such low boom 

manoeuvre can thus be operated only in desert or coastal regions. Laboratory sound 

booths reproducing a sonic boom are usually very tiny volumes without windows. They 

allow high fidelity sound control, but perception is in a very artificial environment, and they 

moreover do not allow to study boom transmission through building structures. NASA 

boom simulator is at the more realistic scale of one living room, entirely surrounded by 

loudspeakers and subwoofers. However it is adapted to one-storey American houses and 

ways of life (structure made of wooden walls structure, windows closed most of the time) 

and environment remains partly artificial (one living room only, enclosed within a research 
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laboratory, no day light). For perception study, ecological validity is an essential criteria. 

To better approach this one, it is proposed to investigate low boom properties and 

perception in a real house. 

 

As an input to the study, five different « target » outdoor low boom signals have been 

selected (Figure 4). The objective of the simulator is to reproduce them with fidelity as 

high as possible. As only low boom exposure is here considered, peak overpressure is 

limited to around 20 Pa, one fifth of Concorde pressure. Nevertheless, a sufficiently large 

range of sound levels is needed, in order to investigate for instance human response to 

various sound levels. There is no consensus yet on the best metric(s) to quantify human 

response to low boom exposure, for instance in terms of annoyance. However, six metrics 

have been pre-selected by SuperSonic Transport Group (SSTG) of Committee on 

Aviation Environment Protection (CAEP) from ICAO. This preselection follows a synthesis 

of annoyance studies performed in the USA and Japan (Loubeau et al., 2015). These 

studies correlate various indoor and outdoor boom metrics to annoyance ratings by 

participants exposed to indoor and outdoor booms of various levels simulated in a 

relatively tiny simulator (140 participants for outdoor boom by NASA and 135 for indoor 

boom, 30 for outdoor boom by JAXA and 15 for indoor boom). Note however: 

- the simulated indoor environments did not include secondary rattle sounds or vibrations; 

- equal importance was given to outdoor and indoor responses, though people spend 

most of their time indoor.      

These six metrics are: 

- Sound Exposure Level (SEL) with 4 different frequency weightings: A, B, D, E. Note C-

weighting has not been retained as it was found to poorly correlate with outdoor ratings 

for NASA study; 

- Stevens Mark VII Perceived Level (PL) (Stevens, 1972); 

- ISBAP which is a hybrid metric combining PL, CSEL and ASEL.    

We here consider these six metrics and also CSEL in addition, as it is frequently 

recommended as a metric for indoor low frequency noise, and shows good correlation 

with indoor boom ratings. PL and ASEL have be shown to also adequately predict boom 

annoyance in case of additional rattle noise (Rathsam et al. 2015). The five selected 

signals are ordered in Table A.1 (Appendix 1) by increasing level in terms of all metrics 

except CSEL and ISBAP. Dynamics between various signals is about 23 dB, both in terms 

of dBA (ASEL) and PL.  Also reported are the peak overpressure in Pa and the frequency 
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peak of their spectrum. In all this document, the metrics have been computed using the 

software provided by Dassault Aviation and validated within the frame of the Rumble 

project by a cross check comparison between metrics computation softwares developed 

respectively by Rumble partners’ Dassault Aviation, ONERA, ANOTEC and TsAGI (Le 

Griffon 2019 - Rumble Deliverable D3.1). 

 

The main target is signal 2, corresponding to the ground boom of C25P notional 

configuration at centreline, in case of ICAO standard atmosphere (no wind) with a vertical 

humidity profile. The body length is 32.92 m and the freestream Mach number is 1.6 at 

an altitude of 15,760 m. Ground is assumed at an altitude of 264 m, with a reflection 

coefficient of 1.9 (independent of frequency). The C25P is a notional configuration created 

to represent a sonic boom demonstrator class vehicle. It was proposed as an optional 

complex configuration with propulsion boundary conditions in the 2nd AIAA Sonic Boom 

Workshop. This full configuration model includes wing, body, tail, nacelle, and engine 

interface surfaces. It itself derives from the so-called C25F notional configuration 

designed primarily for a low ground loudness level near the centreline of the flightpath, 

with some reduction in the noise level over the entire boom carpet. Configuration C25P 

is based on the redesign of C25F to lower ground loudness level after activating power 

boundary conditions [58]. The geometry is provided in the correct incidence for 0° angle 

of attack. The provided geometry is oriented to include the design angle of attack of 

3.375°. Nearfield pressure at three body lengths below the model at off-track angles of 0° 

was provided as an input by Workshop organisers, and then propagated down to the 

ground by ONERA using BANGV nonlinear ray tracing code in a stratified and absorbing 

atmosphere (Loubeau and Coulouvrat 2008). 
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Figure 3 – C25P symmetry plane pressure difference (Figure 5 from Park and Nemec, 
2017)  
 
The complexity of the nearfield pressure field of the C25P is shown by the Euler symmetry 

plane solution in Figure 3, with a stronger oblique inlet shock than for C25F. The influence 

of the plume can bee seen in the shocks and expansion propagating downward from the 

tail features.  

The ground pressure boom signal shows (Figure 4) a relatively short signal (less than 0.1 

s) linked to the small size of the configuration (roughly the body length divided by the 

speed of sound, around 340 m/s at the ground level). Thus, pressure spectrum peaks at 

7.5 Hz. Overall pressure peak is 19.4 Pa. Clearly the small size and weight of the 

configuration with an advanced low boom design leads to a waveform quite different from 

the standard N-wave. Waveform is unsymmetrical with nonzero mean value because of 

lift contribution. Shocks are smeared out as a combination of low boom design and 

atmospheric absorption. Frequency spectrum shows several arches similarly to the N-

wave case below 100 Hz, but then decays sharply above 200 Hz. Because of this, the 

sound level is 76.2 PL dB, close to the announced 75 PL dB of X59 NASA demonstrator, 

and corresponds to 61.7 dBA (ASEL).   

Signal 1 also emanates from C25P low boom configuration, but in this case the ground 

signal 2 has been computed after propagation in a synthetic turbulent atmosphere using 

the numerical approach described in Luquet et al. 2019. Peak overpressure and signal 

duration are almost unchanged, but turbulence (in this particular case) further smears out 
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the signal. In particular, energy of frequencies above 300 Hz rapidly decays, thus 

reducing the boom sound level of about 7 dB for both PL and ASEL. This decrease is 

much less sensitive for other metrics which put more weight on low frequencies less 

affected by the turbulence. The extreme case is CSEL metric, with 1 dB reduction only. 

   

Signal 5, the signal with highest level, shows the typical ideal N-waveform of a classical 

sonic boom. Peak overpressure is about 24 Pa, and duration 0.15 s, so that the spectrum 

peaks around 4.5 Hz. Sharp shocks compared to C25F configuration lead to a more 

wideband signal, with frequency content sharply decreasing only beyond 1000 Hz. As a 

consequence, the signal sound level is 17 dB higher than signal 2 from C25F for ASEL 

metric, and 15.5 dB higher for PL metric. Differences are smaller for other metrics, the 

extreme being again CSEL with only a 6 dB increase. Signal 5 was used for AIAA 

Workshop dedicated to cross-checking metrics computation (it was labeled as signal 6). 

 

Signal 4 is signal 5 propagated in a synthetic turbulent medium. Peak overpressure and 

frequency peak keep unchanged, but signal waveform undergoes a large change, 

displaying typical superposition of a U wave to the initial N wave. This kind of signal is 

characteristic for a boom measured near a caustic, here produced by random focusing 

due to turbulence. Again turbulence here sharply reduces frequency content above 400 

Hz, and then level falls off by 4.5 (ASEL) to 5 (PL) dB, less for other metrics. 

 

At last, signal 3 is a measured boom signal from an F18, used for AIAA Workshop as 

signal 6. Peak overpressure, signal duration and frequency peak are similar to signals 4 

and 5, but signal shape is different with smoother shocks and bumpy waveform. In the 

mid frequency range 30 - 500 Hz, spectrum decays faster than signal 4 and 5, which 

explains its lower ASEL level (-5 and -9.5 and dBA respectively). However, in PL dB the 

difference is such less, especially with signal 4 (-1.4 PL dB) and it CSEL level is higher 

than signal 4. 
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Figure 4 – Selected boom signals. Booms are ordered by increasing A,B,D,E-SEL and 
PL values. Left: temporal waveforms. Right: frequency spectra. From top to bottom: 1) 
C25P smoothed by propagation in a synthetic turbulent atmosphere- 2) C25P ground 
sonic boom - 3) measured boom from F18 in a low boom manoeuvre - 4) N-wave modified 
by propagation in a synthetic turbulent atmosphere - 5) N wave. 
 
To summarize this choice, the 5 selected signals were chosen to be as representative as 

possible to what could be a possible future low boom signal, with a dynamic ranging more 

than 20 dB in ASEL and PL metrics, with a peak overpressure almost constant around 20 

Pa, and with very different waveforms, including N-wave, smoothed shocks, and near 

focus signal. 
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2.4. Simulator design 
 

2.4.1 Low frequency constraints 
 

Regarding the above described pressure signals, the low sonic boom simulator must be 

capable of reproducing very low frequencies signal (down to at least 1 Hz or even below) 

at a pressure level up to 25 Pa (or 122 dB overall sound pressure level). This is the most 

challenging requirement, as most sound reproducing systems are not designed to emit 

such low, inaudible frequencies. Moreover, the simulator has also to cover the audio 

range up to around 1 kHz (see below for more details). Temporal accuracy is also critical 

for reproducing such impulsive signals with fidelity.  

A moveable low boom simulator, to be installed on a truck, had been envisaged to insonify 

a whole house for perception studies in the USA.  This would be extremely challenging in 

terms of engineering, material and electrical resources: about 50 subwoofer units would 

be needed. The development cost was estimated to be around 500,000 $. Also, 

neighbourhood disturbance would be a major issue with no manageable way to isolate 

surrounding environment from such low frequency, high amplitude noise. This makes a 

fully outdoor sound system out of consideration.  

Therefore, considering the test building described in section 2.2,  it has therefore been 

chosen to insonify from outdoor only two of the ground floor bedrooms by means of a 

sound system applied to the window frame of each bedroom. By taking advantage of the 

limited volume (about 30 m3), the required number of loudspeakers is significantly 

reduced to less than ten units per bedroom.  

The main part of the boom frequency e.g. the most energetic one, can be considered at 

low frequency, this means at a wavelength very large compared to room dimensions (the 

largest one L is here 3.85 m). This is a well satisfied assumption, even for the highest 

peak frequency 7.5 Hz (wavelength 45 m) of selected profiles of section 2.3. In this case, 

the most energetic part of the boom frequency spectrum keeps below the first room mode 
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(roughly c0/L= 198 Hz with c0= 340 m/s the speed of sound in air, assuming  the room is 

perfectly airtight and the walls are perfectly rigid). Then the pressure inside the room is 

homogeneous and can be approximated in the frequency domain by  

𝑝(𝜔) = 𝜌0𝑐0
2𝑄 (𝜔) 𝜔⁄ . 𝑉 

where 𝜌0 is the air density (1.2 kg/m3), 𝜔is the angular frequency, 𝑄(𝜔) is the volume 

velocity (unit m3/s) generated by the sound source at the considered frequency, and 𝑉V 

is the volume of the room.  

For a loudspeaker-like sound source, the generated volume velocity is expressed as  

𝑄(𝜔) = 𝜔𝑥(𝜔)𝑆𝑑 

with 𝑆𝑑 the total surface area of the sound source and 𝑥(𝜔) its excursion.  

For a room volume 𝑉=30m3, an acoustic pressure 𝑝(𝜔) of 25 Pa amplitude is obtained 

inside the room with a sound source inducing a volume variation  

𝑄𝑡
(𝜔) = 𝑥(𝜔)𝑆𝑑 = 𝑝(𝜔)𝑉 𝜌

0
⁄ 𝑐0

2 = 0.0054𝑚3           (1) 

This value sets the key physical performance required for the sonic boom simulator at 

very low frequencies in terms of size, excursion range and number of subwoofers, as will 

now be detailed.  

2.4.2 Choice of loudspeakers 

 

Eq.(1) shows that, at low frequencies, the volume variation necessary to reach a required 

pressure level in a given room volume is proportional to the product of these two 

quantities. The membrane excursion will therefore be proportional to this product, and 

also inversely proportional to the loudspeaker surface. However, if fed with large signals 

requiring a large membrane displacement 𝑥(𝜔) , especially at low frequencies, 

loudspeakers may behave nonlinearly, which may generate distorsion. To avoid this, 

membrane excursion should not exceed the value  𝑥𝑙𝑖𝑛 which is the maximum excursion 
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of the membrane between linear range and nonlinear range. It is a parameter specific for 

each loudspeaker. It depends on the motor construction/geometry, voice-coil length and 

alignment, suspension geometry and material, and on the manufacturing quality. 

Therefore, the parameter 𝑥𝑙𝑖𝑛 is to be carefully considered when choosing the best suiting 

loudspeakers.  

The size of the membrane is an invariant parameter at low and medium frequencies. 

Thus, large membrane loudspeakers suit best for maximizing the generated volume 

velocity while avoiding very large membrane excursion.  

In the present study, the selected B&C Speaker 21SW115 represents a good trade-off 

between all loudspeaker qualities expressed above. According to its membrane surface 

(1680 cm²) and linear excursion limit (10 mm), such a subwoofer can create a volume 

variation of 0.00168 m3. Thus, six subwoofers B&C 21SW115 are required for radiating 

low sonic boom signals of about 25 Pa in a 30m3 room, while always operating within the 

linear range.  

Because of the complexity of the frequency spectrum of signals to be reproduced, and in 

order to reach the optimal control of the signal in the higher frequency domain, where no 

simple relation such as Eq.(1) exists between pressure signal, loudspeaker and room 

characteristics, the system of six subwoofers is complemented by a more conventional 

wide-band loudspeaker (Beyma 8BR40N) in the audible spectrum (60-6000 Hz). 

Compared to the low frequency part of the signal, there is much less energy in the high 

frequency part: for instance about -50 dB at 100 Hz compared to the spectrum peak value 

around 5 to 7 Hz, this means an amplitude about 300 times and an energy about 100000 

times smaller. However, the medium range frequency part of the spectrum is essential in 

order to reproduce the audible part of the signal, up to typically 1500 Hz. Above this value, 

the signal amplitude reaches the level of the ambient noise existing in the house (ranging 

between 10 and 20 dB SPL) as shown on Figure 5, and no precise control is therefore 

possible. Moreover, the same figure also shows evaluation of boom metrics gets almost 

insensitive to that part of the spectrum above 1500 Hz. This is illustrated in the case of 
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sonic boom #3 (low boom manoeuvre from F18), which has the widest frequency 

spectrum, and is all the more valid for other types of low booms. 

 

Figure 5 – Left: calculated spectrum of the reference signal # 3 (in black) compared to the 

spectrum of ambient noise (grey) measured in the simulator bedroom during two seconds 

(same duration as measured boom signal) - see section 4.4 for information on the 

measurement process. Right: convergence of ASEL metric with frequency sampling for 

the same boom signal. 

 

2.4.3 Cabinet design 

 

The cabinet has been designed for optimizing the very low frequency response of the system while 

presenting the most accurate temporal response. In order to get an accurate temporal response, 

resonance-based designs (such as bass-reflex) are not considered. Despite their high output gain at 

the resonance frequency, these designs suffer from time smearing, which is often searched for 

music but is not suitable for pulsed signal reproduction. Moreover, a very low resonance frequency 

would require a box of relatively large dimensions (around 1 m3 per subwoofer). In addition, below 

the resonance frequency, the output response falls off very quickly (4th order roll-off slope). 

Infinite baffle design presents the most accurate time response since no back wave interferes with 

the membrane motion and no acoustic stiffness is added to the system. It also presents the lowest 

roll-off order (1st order) below loudspeaker resonance frequency, which would be optimal for very 
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low frequency reproduction. However, this design is not possible here because of practical 

constrains: the rear side of the loudspeaker should radiate either in a big room (at least 10 m3) or 

outdoor. A big room is not available in the current building and would be too costly to build. 

Outdoor, the loudspeaker could not be protected from potentially damaging weather fluctuations 

(rain, wind, snow, frost, heatwave). Moreover, the outdoor radiated sound would highly disturb 

the neighborhood. According to French regulation (article R1334-33 of Public Health Code, 

https://www.codes-et-lois.fr/code-de-la-sante-publique/article-r1334-33) noise emergence for 

neighbors should not exceed 5 dBA during daytime and 3 dBA during night time.    

 

Closed box systems present 2nd order roll-off slope, and almost the same qualities as an infinite 

baffle design, except the acoustic stiffness added by the enclosure volume which modifies the 

resonance frequency of the loudspeaker. Compared to a bass reflex design, it allows a higher output 

at very low frequencies below the resonance. This design has therefore been chosen and installed 

as now detailed. 

The overall audio system takes place outdoor right at the window frame of the two 

bedrooms (Figure 6). The speakers are facing into the room, but the cabinet dimensions 

exceeds those of the window frame to allow easy outdoor sound insulation. The cabinet 

is supported by an aluminium structure with adjustable feet height. The window frame is 

relatively large (2.16m x 1.3m), but not enough compared to the overall surface of all 

speakers. Therefore subwoofers have been orientated out of the window plane. This 

architecture also provides a better balance of the cabinet structure and prevents it from 

shaking due to subwoofers strokes (the total weight of the 6 subwoofers only is 84 kg, the 

weight of one overall simulator is around 200 kg). The cabinet is made of 18 mm fireproof 

plywood, assembled by a grooved and glued joinery technique, and covered with 

waterproof paint. The paint is white colored for reflecting sunlight and preventing the wood 

to stretch or deform under heat. The overall structure is attached to the window frame 

and house outer walls with polyurethane expensive foam, providing air tightness. The 

cabinet is separated into six identical compartments of 200 litres each: this rear chamber 

volume leads to a critically damped alignment of the subwoofer. The wide-band 

loudspeaker has its own back volume of different shape and of 150 litres volume, again 

for critically damped alignment. The loudspeaker back volume is filled with acoustic foam, 

so as to cancel internal resonance modes and reflections. The dimensions of the cabinet 

and the operating frequency band (1 to 100 Hz) of the subwoofers are too small to create 

https://www.codes-et-lois.fr/code-de-la-sante-publique/article-r1334-33
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internal modes or noticeable reflections inside the subwoofers back volumes. Indeed the 

largest distance between two internal walls of the back volume being 80 cm, the first mode 

occurs at 215 Hz, twice the maximum of the frequency band. However, in case the 

subwoofers would produce harmonic distortion, the same acoustic foam is also used in 

each back volume.  

Electrical wiring is designed so that only one big cable (8 tracks cable) is to be plugged 

to the cabinet via one SpeakOn weatherproof connector placed on the outdoor side of the 

cabinet. This allows fast and easy set-up of the system and no cable inside the bedrooms. 

The overall design and cabinet installation is illustrated by Figure 6. 

 

Figure 6 – Cabinet design. Left drawings: installation of the loudspeaker, six subwoofers 
and their back volumes (top, front, side and 3D views). Middle photo: simulator viewed 
from inside the bedroom. Right photo: simulator viewed from outside. 
 

 

 

2.4.4 Emission and acquisition chain 

 

The electroacoustic chain has to emit signals in both the audio and the infrasonic (~ 1 

Hz) ranges. Because most usual audio equipment feature low frequency cut-offs at 

higher frequencies than here targeted, some specific devices need to be used.  



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  35 
 

©Copyright - RUMBLE Consortium 

Each subwoofer requires about 300 W of electrical input for radiating enough acoustic 

power at the very low frequencies in the bedroom. To get this, we use power amplifiers 

BEAK BAA 800”, delivering 800 W of audio signal down to DC (0 Hz) with a very low 

output distortion (<0.1%). They also feature current overshoot protection for safe 

operation. Two subwoofers, wired in parallel, are paired and fed by one amplifier.  A total 

of  three amplifiers per simulator, hence six for the two simulators, is used. The wide-band 

loudspeakers are powered by one 120 Watts “BEAK BAA 120” amplifier, presenting the 

same characteristics as the “BAA 800” except the nominal power. The emission card NI 

USB 9260 features two BNC outputs and operates audio signals from DC up to 23 kHz, 

on 24 bits. One output delivers the signal going to all the 12 subwoofers through the 6 

amplifiers. The other one drives the two wide-band loudspeakers through their amplifier 

(see Figure 7). 

The recording system relies on a Bruël & Kjaer microphone type 4964 (equipped with a 

low frequency pre-amplifier adapter type UC-0211) operating linearly from 0.02 Hz up to 

20 kHz, a microphone conditioner Bruël & Kjaer NEXUS type 2690 and an acquisition 

card NI USB 4431 operating from DC up to 43.5 kHz on 24 bits.  

A single computer operates signal emission and acquisition via a Matlab program. 

Because all equipments are true by-pass (no electronic filters, nor equalizer), sonic boom 

signals are primarily filtered, equalized, and distorted to compensate any defect and to 

provide the highest possible fidelity. The signal optimization process is detailed in the next 

section.  
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Figure 7 – Scheme of electroacoustic emission and acquisition chain 

 

 

2.5. Signal optimization 
 

2.5.1 Conditions for optimisation 
 

When sending a raw sonic boom signal (input) into the simulator through the emission 

chain described above, the measured one (output) does not correspond to that signal. 

One example is given by top of Figure 8 for boom signal #4. As expected, the mechano-
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acoustical behaviour of the loudspeakers modifies the input signal, as their frequency 

response is not flat over the whole frequency bandwidth. This is all the more true here as 

the signal is directed towards two types of speakers. Moreover, the response also 

depends on the microphone position within the room. In order to simulate as accurately 

as possible a sonic boom signal coming from the exterior of the room, an optimization of 

the input signal is needed.  

 

Because the room affects the acoustic signal, one microphone position has to be chosen 

for the optimization process. If indoor boom is considered, these room effects are 

expected for a « real life » sonic boom coming from outdoor. In our specific house, the 

outer walls are made of concrete and are 40 cm thick. It is therefore assumed that an 

outdoor acoustic signal propagates into the room only through the window frame. This 

may be somewhat different for other constructions types, with lighter walls for instance. 

Nevertheless, recent studies (Lovholt et al., 2019, Lovholt et al. 2019) prove that indoor 

sonic boom is mostly transmitted through the window(s). Window characteristics may be 

very different from house to house: different sizes, different openings, single, double or 

triple panes, thermal /acoustical insulation or not, quality of mounting… We chose here 

the situation where the boom is perceived indoor but with wide open windows. It may not 

be the most frequent situation, but it has several advantages: 

- it minimizes the influence of above cited differences between windows, 

- it focuses on the worst-case scenario, with highest indoor boom level, 

- it is realistic, especially for Europe, where air cooling is infrequent in private housing and 

where people frequently live with open windows, especially in summer. For instance, it 

is estimated that, in Europe, between 50 and 75 % of people sleep with windows at least 

slightly opened (Passchier-Vermeer et al. 2002). 

 

To summarize, the first objective here is the indoor reproduction of an outdoor boom. Way 

to use our simulator to reproduce with highest possible realism a fully indoor boom will be 

detailed in section 2.6.   

 

Based on these considerations, an outdoor boom signature transmitted through wide 

open windows is expected to be less affected by room acoustics right in the window plane 

frame than anywhere else in the room (bed position, center of the room, door, etc). 
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Consequently, the simulated signal is optimized at one microphone position, chosen at 

the center of the window’s frame and close to the simulator. 

 

2.5.2 Optimization process 
 

In order to reproduce by the simulator the target (« cible » in French) time signal 𝑐(𝑡) (or 

its time discretisation 𝑐𝑖 = 𝑐(𝑖𝛥𝑡) with 𝑖 = 1 to 𝑛), one has to determine the input signal  

𝑠(𝑡) (or its time discretisation 𝑠𝑖 = 𝑠(𝑖𝛥𝑡) with 𝑖 = 1 to 𝑛)) sent to the electroacoustical 

chain so that the measured signal 𝑚(𝑡) at the selected microphone position has minimal 

distance to the target one. This optimisation process is decomposed in three main steps. 

First the signal is separated into a low frequency one operated by the subwoofers, and a 

medium/high frequency one operated by the loud-speaker. A second step operates a 

flattening of the frequency response of the simulation using a standard equalisation 

process. The last one optimises the low frequency component in the time domain using 

the so-called Wave Decomposition Technique (WDT). The method was proposed by 

Tokuyama et al. (1993) to optimise at one microphone one impulsive signal (namely a 

sonic boom) to be reproduced by an electroacoustic system. It was then extended by 

Blanc et al. (2012) to the case of several microphones. We here apply the method in the 

original case of one microphone, but only to the low frequency part of the signal 

reproduced by the subwoofers. Indeed the method would be efficient over the whole 

frequency band, including high frequencies, in case of outdoor measurement, or within 

an anechoic chamber (as was illustrated by above cited references). Here, in the 

reverberating room, multiple arrivals at high frequencies, would induce artefacts in the 

application of the WDT. This one is therefore restricted to the low frequency spectrum, 

for which the wave field is much more homogeneous inside the room.    

 

Signal separation into a low frequency part 𝑐𝐿(𝑡)  and a high frequency one 𝑐𝐻(𝑡)  is 

achieved in the frequency domain after Fourier transform noted 𝐶(𝜔) = 𝑇𝐹(𝑐(𝑡)). A low 

pass second order Butterworth filter, centered around 100 Hz, and noted 𝐵 (𝜔) smoothly 

filters the high frequencies above 200 Hz sent to the subwoofers.  A mirror high pass 

second order Butterworth filter 𝐵 (𝜔), again centered around 100 Hz, filters the low 

frequencies below 60 Hz for the loudspeakers. The intermediate frequency range (60-

200) Hz corresponds to the common bandwidth of the loudspeaker and the subwoofers. 
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One therefore has  𝑐𝐿(𝑡) = 𝑇𝐹−1(𝐵 (𝜔)𝐶(𝜔))  and 𝑐𝐻(𝑡) = 𝑇𝐹−1(𝐵 (𝜔)𝐶(𝜔)) . A 

smooth 2nd order filter avoid a sharp LF/HF split that would distort the time signal and is 

compatible with this common bandwidth. 

 

For frequency equalisation, the impulse response of the low frequency (subwoofers) / 

high frequency (loud-speaker) chain is measured. A known wide band signal 𝑤(𝑡) 

(Heaviside function) is split similarly between two low and high frequency components :     

𝑤(𝑡) = 𝑤𝐿(𝑡) + 𝑤𝐻(𝑡) = 𝑇𝐹−1(𝐵 (𝜔)𝐶(𝜔)) + 𝑇𝐹−1(𝐵 (𝜔)𝐶(𝜔))  and sent to the 

corresponding outputs of the emission card. The measured signals 𝑟𝐿(𝑡)  and 𝑟𝐻(𝑡) 

provide the LF/HF impulse responses of the system 𝑅𝐿(𝜔) = 𝑇𝐹 (𝑟𝐿) 𝑇⁄ 𝐹(𝑤𝐿) 

and𝑅𝐻(𝜔) = 𝑇𝐹 (𝑟𝐻) 𝑇⁄ 𝐹(𝑤𝐻). A single microphone is used as its bandwidth covers the 

overall LF/HF range. Equalisation is achieved by sending respectively the signals 𝑠𝐸
𝐿(𝑡) =

𝑇𝐹−1(𝐶𝐿 𝑅𝐿⁄ ) and 𝑠𝐸
𝐻(𝑡) = 𝑇𝐹−1(𝐶𝐻 𝑅𝐻⁄ ), thus creating a Finite  Impulse Response (FIR) 

filter. The measured signals are respectively  𝑚𝐸
𝐿(𝑡) and 𝑚𝐸

𝐻(𝑡). 

 

The WDT method is now applied as follows. We use 𝑠𝐸
𝐿(𝑡) as an equalized, low frequency 

input signal, measuring 𝑚𝐸
𝐿(𝑡) , showing some deviation with the target 𝑐𝐿(𝑡) . The 

objective is to modify the input signal so as to minimise this difference. For all signals we 

note their time discretisation by  with 𝑖 = 1 to 𝑛. A basis of time waveforms is created by 

shifting the measured signal by a constant time delay 𝑗𝑀𝛥𝑡 so that 𝑏𝑗(𝑡) = 𝑚(𝑡 − 𝑗𝑀𝛥𝑡) 

with 𝑗 = 0 to 𝑁 or 𝑏𝑖𝑗 = 𝑚𝑖−𝑀𝑗. Here 𝑀 is chosen equal to 3  and 𝑁 so that the beginning 

(1st shock for an N-wave) of the most shifted signal  𝑏𝑁(𝑡) is slightly beyond the end (2nd 

shock of an N-wave) of the target. When 𝑖 − 𝑀𝑗 < 0, the value 0 is assigned, assuming 

the signal is impulsive and therefore is zero before the considered initial time. The target 

signal 𝑐𝐿(𝑡) is decomposed onto this basis 𝑐𝐿(𝑡) = ∑
𝑁

𝑗=0
𝑎𝑗𝑏𝑗(𝑡) or, in a discrete form 𝑐𝑖

𝐿 =

∑
𝑁

𝑗=0
𝑎𝑗𝑏𝑖𝑗 . The decomposition coefficients are found by a least square approximation, 

minimizing the error  𝜖 = II ∑
𝑁

𝑗=0
𝑏𝑖𝑗𝑎𝑗 − 𝑐𝑗

𝐿II2. The vector of coefficients [𝑎𝑗] can thus be 

found as [𝑎] = , where [𝑏]  is the 𝑛 × 𝑁  matrix of values 𝑏𝑖𝑗  and  its transposition. A 

second basis [𝑑] is created by shifting the target signal 𝑐𝐿(𝑡) by the same constant time 
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delays so that 𝑑𝑖𝑗 = 𝑐𝑖−𝑀𝑗
𝐿 . The time discretised low frequency input signal after WDT 

optimisation is . Finally, this signal is again frequency-equalized as previously described 

and the input low frequency signal is 𝑠𝑊𝐸
𝐿 (𝑡) = 𝑇𝐹−1(𝑇𝐹 (𝑠𝑊

𝐿 ) 𝑅𝐿⁄ ). 

 

The overall process is illustrated by Figure 8 comparing for target signal 4, the measured 

time waveform in case the target signal is used as an input (top), after frequency 

equalisation (middle) and after frequency equalisation and WDT time optimization 

(bottom). Without optimization, the measured clearly strongly deviates from the target 

because of distortions by the electroacoustic chain and by the room reverberation. After 

equalization, this distorsion is reduced, shock waves with reasonably accurate amplitude 

now clearly appear but spurious oscillations of large amplitude remain. These ones 

completely disappear after WDT application, and the measured waveform almost 

perfectly matches the target one. 
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Figure 8 – Comparison between one target (in blue, here boom #4) and the corresponding 
measured (in red) temporal signal at different stages of optimization processing: without 
any processing (top), with equalization filter (center), with equalization filter and wave 
decomposition technique (bottom) 
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2.5.3 Synthesized booms 
 

This conclusion is valid for all target signals, as shown by Figure 9. Note that waveforms 

are shown over a 0.5 s duration, but spectrum and metrics are computed based on a 2 s 

interval. The comparison of frequency spectra also outlines excellent agreement, some 

tiny mismatches appearing mostly in the range 50-100 Hz where the subwoofers and the 

loudspeaker are operated simultaneously. Measured post-boom signals also display 

some decaying oscillations of low amplitude and low frequency, as a result of the inertia 

of the subwoofers which cannot be immediately stopped after the rear shock. Distorsions 

here measured are anyway much smaller than those frequently produced by atmospheric 

turbulence, and the realism of the synthesized booms is therefore highly satisfying. When 

comparing metrics of measured booms to target ones (see Table A.1, Appendix 1), one 

observes an overall good agreement with deviations in the mean of about +0.82 dB. 

Agreement is best for A-SEL metric (mean deviations +0.16 dB) and DSEL (+0.44 dB), 

while mean PL differences reaches 2.24 dB. Agreement also somewhat worsens for 

boom #1 (mean deviation 2.27dB) of smaller amplitude and therefore lower Signal to 

Noise Ratio (SNR), with spectrum above 500 Hz in the room ambient noise. 
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Figure 9 – Comparison between target signals (in black) and measured ones in bedroom 
(in red). Left: temporal waveforms. Right: frequency spectra (in blue: ambient noise 
spectra measured during 2 s). Signals are ordered from 1 (top) to 5 (bottom). 
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2.6. Synthesis of indoor booms 
 

The signals shown above are indeed outdoor booms synthesised for indoor perception, 

assuming they are not modified by transmission through a wide open window. No real 

room effect is therefore accounted for. Moreover, for perception studies, a bedroom with 

a wide open window fully obscured by the simulator could appear as an unusual or even 

disturbing environment. So our objective was also to synthesise booms inside the living 

room, where the simulators are not directly visible, and with daylight in. Such an 

environment is much more natural. However, each simulator was dimensioned to insonify 

the bedroom volume. Operating the two simulators simultaneously is not sufficient to 

compensate for the increased volume of the two bedrooms plus the living room (103.7 

m3). The 12 subwoofers could have been spread in front of the various inner (open) doors 

between the living room and the other rooms, but this would have made the simulator 

again visible. Also it would have needed to redesign the whole system installation. For 

the sake of simplicity and time saving, we made the choice to keep the simulators 

unchanged,  and used the two doors between living room and bedrooms 1 and 3 as virtual 

windows, through which the boom will insonify the living room. The signals are in this 

case optimised by a microphone set in the middle of each door. To compensate for the 

larger volume, target booms signals are simplified, with reduced amplitude. Only N-wave 

profiles are considered, with rise time adjusted to reach the desired boom level: 62 dBA 

(or 78 PLdB) for a low boom waveform labeled boom #6, and 75 dBA (or 88.4 PLdB) for 

a moderate boom waveform #7. Target signals and corresponding spectra are displayed 

on Figure 10, and boom levels in various metrics are reported in Table A.1 (Appendix 1).  

Signal #6 has been purposely chosen so that its various metrics are comparable to those 

of boom #2 (C25F), and signal #7 is significantly louder (+13 dBA or +10 PLdB) with the 

same duration. The comparison of the spectra show their similarity at low frequencies, 

with higher frequency content above 50 Hz decaying more rapidly for the low boom signal 

than for the moderate one. 

 

The input signal optimisation is achieved following the same process as described above. 

The microphone for optimising input signal to simulator 1 (resp. simulator 3) is installed 

in front and in the middle of the door between bedroom 1 at position F1 (resp. bedroom 

3 at position F3) and living room, all other doors being closed, see Figure 2.  Door 
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dimensions are 220 by 77 cm. The measured synthesised booms are compared to the 

targets on Figure 10. The overall N-like boom shape is well reproduced, and the rise time 

differences between the two is clearly visible. However, as the system is reaching its limit 

to insonify a big volume, measured peak overpressure is slightly lower than target, low 

frequency spectrum shows some mild oscillations and high frequency spectrum decays 

slower than target to compensate, in terms of dB, the reduced peak pressure. Also post-

boom noise is somewhat more important than for booms synthesised in the bedrooms. 

Nevertheless, the measured signals clearly have the characteristics of a sonic boom 

signal, and deviations from the target are comparable to what can be measured outdoor 

in case of mild turbulence. Regarding metrics (see Table A.1, Appendix 1), agreement is 

typically within 1 dB mismatch, except for the PL value of the lowest boom.  

The boom signals when operating the two simulators simultaneously with these input 

signals, and measured at two positions A and B inside the living room planed to be 

occupied by participants for perception studies (see Figure 2) are shown on Figure 11. 

Doors between living room and bedrooms 1 and 3 are kept open, all others are closed. 

The wave shapes significantly differ from an ideal N-wave shape because of room effects. 

A first shock is visible for all booms, but amplitude does not vary so much between signals 

#6 and #7. Indeed, simulators are not equidistant from the observer’s position A or B, and 

therefore booms emanating from the two virtual windows (e.g. the two bedroom doors) 

do not arrive exactly at the same time, thus increasing the rise time and smoothing the 

signal. The rise of the second shock is interrupted by the arrival of a relatively large 

amplitude signal, with a shape of approximately a phase inverted N-wave. The overall 

signal is therefore considerably longer, lasting more than 0.3 s instead of 0.1 s. These 

large differences are due to the complex propagation indoor environment of the house, 

with transfer between rooms, multiple arrivals, wall reflexions or reverberation. Frequency 

spectra show a visible increase in position B in the range 200 - 800 Hz compared to 

position A. Oscillations in the very low frequency part below the peak disappear. In terms 

of metrics (see Table A.2, Appendix 1), room effects tend to decrease the boom level 

compared to Figure 10 because of a larger insonified volume. This effect being mostly a 

low frequency one, it is more visible for the boom #7 of higher amplitude. Also differences 

of about 1 dB (for boom #6) to 2 dB (for boom #7) between the two measurement positions 

are observed, with higher levels at position A closer to simulators for all metrics except 

CSEL and DSEL. The large changes in booms shape and duration tend also to decrease 
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the overall level differences between booms #6 and #7, from about 12 dBA (Figure 10) to 

7 to 8 dBA  only (Figure 11). 

 
Figure 10 – Low (top - boom #6) and moderate (bottom - boom #7) N-wave like booms 
synthesised in the living room. Comparison between target signals (in black) and 
measured ones (in red). Left: temporal waveforms. Right: frequency spectra (in blue: 
ambient noise spectra measured during 2 s). 
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Figure 11 – Measured signals in the living room when operating the two simulators 
simultaneously.  From top to bottom: input boom #6  and position A -  input boom #7  and 
position A - input boom #6  and position B - input boom #7  and position B. Left: time 
waveforms – Right: frequency spectrum. 

 



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  48 
 

©Copyright - RUMBLE Consortium 

2.7. Booms and rattle noise 
 

In the kitchen, the door (near position D, see Figure 2) to the garden is loosely fixed and 
tends to rattle strongly. Rattle noise is an element of boom perception that is frequently 
mentioned as increasing annoyance. This door can therefore be used here to synthesize 
booms with different levels of rattle noise, by simply closing or opening the door between 
the living room and the kitchen.  When closed, booms of Figure 11 are recorded in the 
living room in positions A and B. When opening the door, the booms in the same 
conditions of simulators operation and same positions are displayed on Figure 12, and in 
kitchen in positions C and D on Figure 13. In the living room, the overall shape is similar 
when kitchen door is closed or opened, but the rear part of the signal is somewhat 
modified and decays more rapidly. Indeed, as already seen, this rear part is strongly 
influenced by the building volume and geometry, which are both changed when opening 
the kitchen door. Peak overpressures are all reduced, due to the higher insonified volume. 
Looking the frequency spectra, the wideband rattle noise from kitchen is observed for 
frequencies above 200 Hz for smooth boom #6, above 800 Hz for sharper boom #7. For 
this last boom, in the range 200 - 800 Hz, the boom noise level is dominant over the rattle 
noise and the spectrum is weakly affected. As a consequence, even though peak 
overpressure decreases, booms metrics tend to increase when the kitchen door is open, 
because of the additional rattle noise with a relatively high frequency content influencing 
noise metrics such as PL or ASEL (Table A.2, Appendix 1). This increase is more 
important for boom #6 whose initial high frequency content is low and reaches +1.5 dBA 
or +2.6 PLdB in position B (+1.1 dBA or +1.7 PLdB in position B). For boom #7, this 
increase is less than 1 dB in position B, and almost zero in position A.   

In the kitchen (Figure 13), the boom shape is once again different. The emitted N-wave 
shape is recovered, but followed by smooth, low frequency oscillations. The spectrum 
shows a secondary peak slightly below 10 Hz. This frequency is in agreement with the 
assumption of the volume of the living room plus the two bedrooms (𝑉 is about 134 m3 ) 
playing the role of a Helmholtz resonator. Door surface 𝐴  is 0.77 x 2.20 = 1.7 m2, 

perimeter 𝑃 is 5.94 m so that its hydraulic diameter is 𝐷𝐻 = 4𝐴 𝑃⁄ , much larger than the 

inner wall thickness 𝑙 (3 cm). Helmholtz resonance frequency can thus be estimated by 

𝑓𝐻 = (𝑐02𝜋)√𝐴 𝑉⁄ (𝑙 + 0.3𝐷𝐻) ≈ (𝑐0 2⁄ 𝜋)√𝑃 1.2⁄ 𝑉 ≈ 10.4  Hz. Such resonance effect 

could also explain the small increase in boom overpressure in the kitchen compared to 
the living room. The high frequency content shows an increase, of roughly 10 dB above 
1 kHz, compared to the living room. As a counterpart, the frequency range 20 - 100 Hz is 
largely reduced compared to the living room. In terms of metrics, there is a clear reduction 
of boom #7 levels in the kitchen (2 to 3 dB) compared to the living room, but not for boom 
#6. Levels at position D closest to the rattling door are always higher, with BSEL metrics 
showing the largest increase.  
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Figure 12 – Same as Figure 11 but with opened door between kitchen and living room. 
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Figure 13 – Same as Figure 11, but measured signals in the kitchen. From top to bottom: 
input boom #6  and position C -  input boom #6  and position D - input boom #7  and 
position C - input boom #7  and position D. Left: time waveforms – Right: frequency 
spectrum. 
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Rattle is evidenced by measuring the acceleration of the kitchen door to the garden and 
of the living room window. A single PCB Piezotronics accelerometer (model TLD333B40) 
was used, measuring linearly accelerations up to 98 m/s2 (peak) in the frequency range 
0.5 to 3000 Hz. It was fixed by wax to the measured vibrating surface, and its cable was 
always attached on another surface. It was connected directly to the same acquisition 
card NI USB 4431 as microphones, which provides conditioning when used in IEPE 
mode. Measurements have been made on both a door/window glass pane and on the 
door/window wooden moving frame. In this last case, accelerations are shown on Figure 
14 for booms #6 and #7, in same conditions as Figs.12-13 (both simulators in operation). 
One notices the very high level of vibrations, up to 60 m/s2 for boom 7 at the kitchen door. 
For the door, the signal shows several bursts (also observed for booms #1 to #5). They 
likely correspond to the moving door frame hurting the fixed one under the boom pressure 
wave. Given their time separation, the two first hurts correspond to the boom front and 
rear shocks. Regarding similar measurement for longer booms #3 to #5 (played with two 
simulators), the time delay between the two first bursts is also comparable to the boom 
duration. Then the door goes on oscillating back and forth and colliding the fixed door 
frame several times, with interference of the boom oscillations, leading to the complex 
acceleration shape. For the window, the profile is less violent, except for boom #7 which 
also shows a sharp acceleration. Values of peak accelerations are reported in Table A.3 
(Appendix 1) for all input booms (all played by both simulators and all inside doors open). 
Wooden frames always show larger accelerations than glass panels (except in one case), 
and kitchen door than living room (as was expected). Though booms 1 to 5 are of 
increasing level (except for CSEL metric), this order is not retrieved in the peak 
acceleration levels.  Frequency spectra show more regularity, with peaks always located 
slightly above 10 Hz for the window and above 20 Hz for the door, and richer high 
frequency content for the door than for the window.  
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Figure 14 – Time (left) and frequency spectra (right) of measured accelerations. From top 
to bottom : boom #6 kitchen door - boom #6 living room window - boom #7 kitchen door 
- boom #7 living room window - in all cases measurement are made on the window or 
door wooden frame. 
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2.8. Conclusion on boom simulator 
 
The sonic boom simulators were designed initially to reproduce with highest possible 

fidelity outdoor booms, or indoor booms assuming wide open windows, of low amplitude 

and of various shapes in a controlled way, inside two bedrooms of an existing house 

inside one campus of Sorbonne Université. An innovative optimisation process of the 

input signals was used, successively in the frequency and then in the time domains. The 

measured booms match with high precision the shape and the frequency spectrum down 

to 1 Hz of the target signals. The simulators could also be used to simulate indoor booms 

emanating from two open windows inside the house living room and kitchen. In this case, 

interaction with the house strongly modifies the indoor booms, with a more complex 

shape, possible resonances and rattle noise.    
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3.  Protocol of the perception study 
 

 

3.1. Introduction 
 

The perception study aimed to quantify the effects of low sonic boom exposure on human 

responses, in representative situations of the daily indoor life of European citizens, so as 

to inform policy, establish standards and develop protection concepts for a new 

generation of supersonic commercial aircraft that should emit a reduced but perceivable 

boom (a ‘low boom’) while flying overland. Importantly, we aimed to investigate human 

responses in a variety of different controlled tasks inspired by daily life indoor activities. 

Designing this study in such an ecologically valid context proved to be challenging, in 

particular as there was little research in the literature that could inform our choices. To 

our knowledge, studies on human response to sonic booms have all focused on sensation 

and subjective responses such as ratings of loudness and annoyance (Loubeau & Page, 

2018). In addition, to our knowledge, no indoor studies have had participants engage in 

a cognitive or psychophysical task while they were being exposed to the booms. Even 

recent indoor studies focusing on low booms had participants solely focused on self-

evaluating the booms’ subjective characteristics (i.e., annoyance: Carr et al., 2020; 

Rathsam et al., 2018). The NASA has been developing community studies (Loubeau, 

2013; Page et al. 2020), in which people are exposed to low booms through the special 

dive manoeuver of a fighter jet while they carry on with their daily live activities. However, 

these activities are not controlled and thus these community studies cannot relate boom 

parameters to performance in specific cognitive and psychophysical tasks. The 

perception study aimed to relate the boom level and the degree of rattle noise elicited by 

the booms to performance degradations in cognitive and psychophysical tasks, to boom 

annoyance in the context of these tasks, and to boom annoyance in the context of short 

naps. 

The perception study aimed to test the responses to the booms in a wide range of 

activities. Firstly, as startle has been shown to be an important factor in boom annoyance 



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  55 
 

©Copyright - RUMBLE Consortium 

(McCurdy et al., 2004; Loubeau & Page, 2018), we reasoned that startle could disturb a 

task involving fine motor skills, and we designed a drawing task (based on a zone drawing 

test: Pullman, 1994) to try to quantify boom-triggered startle via the swerves that it might 

cause in participants’ drawing. Secondly, as the detrimental effect of noise on working 

memory is well documented (Liebl & Jahncke, 2017; Szalma & Hancock, 2011), we 

investigated the effect of the booms on a N-back task, which is one of the most popular 

experimental paradigms for assessing working memory (Owen et al., 2015). Thirdly, we 

thought it was important to test whether the booms would impair communication. We 

reasoned that, even if the very short duration of the booms meant that they would not 

mask much speech information, their annoyance might be particularly high in the context 

of an auditory task requiring participants to listen attentively. Fourthly, we sought to 

assess the emotional quality of the booms using the affective priming paradigm (Klauer 

& Musch, 2003), which can be used to assess whether an incoming stimulus is 

automatically evaluated as "good/positive/pleasant" or "bad/negative/unpleasant", and 

gave us the opportunity to compare the degree of unpleasantness of the booms to other, 

familiar sounds. Fifthly, as boom annoyance has been shown to be greater when people 

are trying to rest (Fields, 1997; McCurdy et al., 2004), we included mandatory rest periods 

during which participants had to take a short nap and booms were presented in the 

background. Finally, questionnaires complemented our approach all along the study. 

Questionnaires about mental fatigue tested whether the rests had been effective despite 

the booms and evaluated the cumulated fatigue at the end of the experimental session. 

Also, after each activity, participants were asked to fill a short questionnaire asking about 

the boom annoyance and their perceived interference with the activity. Finally, the booms’ 

loudness was assessed via ratings scales at the beginning of the experimental session, 

and the booms’ annoyance was assessed via ratings scales at the beginning and at the 

end of the experimental session. 

 

 

3.2. Experimental environment 

 
The study took place in the living room and kitchen at the ground floor of the previously 

described house (section 2.2). We used the two low-boom simulators affixed to the 

outside of the windows of two bedrooms located on opposite sides of the house (the 
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window frames were removed). This allowed to keep daylight in the testing rooms, which 

we deemed essential for ecological validity. To our knowledge, all other boom simulators 

developed worldwide are windowless, tiny cabins. The only exception is the large size 

simulator of NASA Langley Research Center. Its single room volume is 4.09 x 3.45 x  2.54 

= 35.84 m3 and it has a closed window with no daylight. In the present study, the living 

room was 6.19 m x 3.84 m x 3.10 m = 72,92 m3. Participants attended the study in a 

single afternoon session of four to four and a half hour duration, between 2 pm and 6 pm 

and between mid-September and late October 2020. Thus most of the tests occurred with 

daylight. 

As detailed in section 2.6, the bedroom doors were opened, so the door frames functioned 

as virtual windows and the bedrooms as virtual outdoor patios. The reason why 

participants were tested in both the living room and the kitchen is because a flimsy glass 

door in the kitchen provided a lot of rattle when excited by the low-booms (section 2.7). 

So by testing in both rooms we could vary the degree of rattle (more important in the 

kitchen than in the living room). In addition, a small part of our testing was done in a third 

room condition: in the living room with no rattle. This was made possible by closing the 

door between the living room and the kitchen, which made inaudible the rattle from the 

kitchen’s glass door, and by half-opening the door between the entrance and the living 

room, which suppressed rattle otherwise produced by the movements of the lock’s bolts 

against the lock’s strike. This third room condition is labeled “living room with no rattle” in 

the remainder of this report. Whenever the report mentions “living room” without 

mentioning “no rattle”, it actually refers to the living room condition in which the door 

between the kitchen and the living room was open, making perceptible the rattle triggered 

by the booms. Figure 15 is a map of the ground floor and shows the setup of the 

simulators and the participants’ positions for the psychophysical tasks and the rest 

periods. 
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Figure 15 – Map of the ground floor apartment with position of simulators, measurement 

points, boom levels in ASEL metric, participants’ positions (tested in pairs).  

 

3.3. Stimuli 

 
As detailed in section 2.6, two outdoor low boom signals are designed. They are labelled 

in Part 2 booms 6 and 7. Both are N-waves with a peak overpressure just below 20 Pa 

(at the simulator’s output). Their rise time is adjusted to reach one of two desired boom 

levels when measured at the bedroom door frame: a lower level of 62 dBA ASEL (or 78 

PLdB) or a higher level of 75 dBA ASEL (or 88.4 PLdB). In order to obtain the desired 

waveforms at the desired level at the bedroom door frame, a two-stage optimization 

process was applied: first frequency equalization, then application of a time-domain 



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  58 
 

©Copyright - RUMBLE Consortium 

optimization known as the Wave Decomposition Technique (section 2.5). We thus had 

two boom level conditions: condition “Low Boom” when playing simulated Boom 6, and 

condition “High Boom” when playing simulated Boom 7. Note this labelling « Low » versus 

« High » boom refers to the measured boom level at the position where the sound signal 

enters the living room (door frame F1 or F3, see Figure 2), when only one simulator is 

active and when the door between the living room and the kitchen is closed. Actual boom 

levels perceived by participants are different because: 1) the two simulators are operated 

simultaneously (which tends to increase the boom level), 2) the door between the living 

room and the kitchen is open (which tends to decrease the boom level) except in the no 

rattle condition, 3) during the protocol, participants are moving from the living room (where 

the boom is higher because of direct exposure) to the kitchen (where it is lower because 

of indirect exposure), 4) rattle noise superimposes (light one from living room window and 

strong one from kitchen door to garden), 5) even in the same room and under the same 

boom source, the boom level varies between positions, 6) boom levels and variations are 

dependent on the selected metric, 7) there is attenuation between the so called “source” 

position and the participants’ positions, in the living room and even more in the kitchen. 

Levels are reported in Table 1 below for the booms of interest. What can be observed: 

1. metric CSEL is the metric showing the least variability between the booms and between 

the positions, with differences between input levels and measured ones ranging from -

3.8 to 1.8 dBC. On the contrary, ASEL is the metric showing the largest indoor 

variability; 

2. boom levels are always larger in the living room in position A (closer to simulators) 

compared to position B, and in the kitchen in position D (closer to rattling door and no 

screen effect) than in position C; 

3. for the high boom, its higher frequency content is more affected by the house effect so 

that its overall level significantly decreases in the living room compared to the input, 

and even more in the kitchen; 

4. in the living room the high boom level is significantly higher than the low one (+4.2 dB 

in average for all 6 SSTG metrics at position A [+5.5 dB with no rattle], +3.1 dB in 

average for all metrics at position B [+5.2 dB with no rattle]). The metrics that best 

outline these differences are the ASEL (difference of +6.4 dB at pos. A [+7.6 dB with 

no rattle] and + 5.5 dB at pos. B [+7.2 dB with no rattle]), the ESEL (difference of +4.6 

dB at pos. A [+5.5 dB with no rattle] and + 3.8 dB at pos. B [+4.2 dB with no rattle]), 

and the PL (difference of +5.3 at pos. A [+6.8 dB with no rattle] and +3.9 dB at pos. B 
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[+5.6 dB with no rattle]), whereas the DSEL metric shows the smallest difference (+1.7 

dB at position B); 

5. these « low » boom versus « high » boom level differences are more important in the 

no rattle case, and are somewhat reduced in the light rattle case;  

 

6. on the contrary, in the kitchen, the transmission effects and the more intense rattle 

noise tend to make the level differences between the two booms even less significant, 

around +2 dB at position C and +1.4 dB at position D in average for all metrics; 

7. the dBC metric (not preselected by SSTG)  on the contrary tends to smear out all the 

differences, ranging between +1.0 and +1.6 dB only for all conditions. 

 

One can conclude about the two stimuli that their outdoor level differences (about 12 dB) 

are reduced indoor because of the complexity of indoor boom transmission. Nevertheless 

these differences keep significant in the living room with direct exposure (about 6-7 dBA). 

In the kitchen with indirect boom exposure, the higher outdoor boom keeps always more 

intense but level differences are small (about 2 dBA). It is important to note however that, 

when using the CSEL metric, the level differences between the two booms are very low 

(less thant 2 dB), both in the living room and the kitchen.  

Figure 16 recalls the changes in waveform and spectrum undergone by the high boom at 

two positions. 
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Signal ASEL BSEL CSEL DSEL ESEL PL ISBAP 

Input low boom 6 (F3) 63.2 79.7 92.0 80.1 74.5 81.5 93.4 

Input high boom 7 (F3) 75.0 85.6 94.6 85.2 82.6 89.2 97.5 

Living room with no 
rattle - Low boom 6 (A) 

62.0 

(-1.2) 
77.9 

(-1.8) 
91.3 

(-0.7) 
79.8 

(-0.3) 
73.0 

(-1.5) 
78.9 

(-2.6) 
91.2 

(-2.2) 

Living room with no 
rattle - Low boom 6 (B) 

59.6 

(-3.6) 
77.5 

(-2.2) 
92.7 

(+0.7) 
80.3 

(+0.2) 
71.8 

(-2.7) 
77.1 

(-4.4) 
91.0 

(-2.4) 

Living room with no 
rattle - High boom 7 (A)  

69.6 

(-5.4) 
82.3 

(-3.3) 
92.9 

(-1.7) 
82.6 

(-2.6) 
78.5 

(-4.1) 
85.7 

(-3.5) 
95.5 

(-2.0) 

Living room with no 
rattle - High boom 7 (B) 

66.8 

(-8.2) 
80.4 

(-5.2) 
93.9 

(-0.7) 
82.0 

(-3.2) 
76.0 

(-6.6) 
82.7 

(-6.5) 
94.1 

(-3.4) 

Living room - Low 
boom 6 (A) 

63.1 

(-0.1) 
79.3 

(-0.4) 
92.4 

(+0.4) 
80.3 

(+0.2) 
74.0 

(-0.5) 
80.6 

(-0.9) 
92.9 

(-0.5) 

Living room - Low 
boom 6 (B) 

62.1 

(-1.1) 
78.2 

(-1.5) 
92.5 

(+0.5) 
80.0 

(-0.1) 
72.7 

(-1.8) 
79.7 

(-1.8) 
92.5 

(-0.9) 

Living room - High 
boom 7 (A) 

69.5 

(-5.5) 
82.8 

(-2.8) 
93.8 

(+1.8) 
82.8 

(-2.4) 
78.6 

(-4.0) 
85.9 

(-3.3) 
96.0 

(-1.5) 

Living room -High boom 
7 (B) 

67.6 

(-7.4) 
80.9 

(-4.7) 
93.6 

(+1.0) 
81.7 

(-3.5) 
76.5 

(-6.1) 
83.6 

(-5.6) 
94.5 

(-3.0) 

Kitchen - Low boom 6 
(C) 

62.2 

(-1.0) 
71.7 

(-8.0) 
90.1 

(-1.9) 
78.9 

(-1.2) 
69.1 

(-5.4) 
78.5 

(-3.0) 
90.2 

(-3.2) 

Kitchen - Low boom 6 
(D) 

63.1 

(-0.1) 
75.6 

(-4.1) 
91.6 

(-0.4) 
80.0 

(-0.1) 
71.3 

(-3.2) 
79.9 

(-1.6) 
91.9 

(-1.5) 

Kitchen - High boom 7 
(C) 

64.7 

(-10.3) 
74.7 

(-10.9) 
90.8 

(-3.8) 
79.7 

(-5.5) 
71.9 

(-10.7) 
80.5 

(-8.7) 
91.5 

(-6.0) 
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Kitchen - High boom 7 
(D) 

64.7 

(-10.3) 
77.3 

(-8.3) 
92.4 

(-2.2) 
80.8 

(-4.4) 
73.1 

(-9.5) 
81.4 

(-7.8) 
93.0 

(-4.5) 

 

 

Table 1 – Sound levels in various metrics of selected low boom (#6) and high boom (#7) 
measured in the living room with no rattle, in the living room with light rattle condition 
(positions A and B) and in the kitchen condition (positions C and D), in all cases with both 
simulators in operation. Figures in parenthesis indicate the differences with the input 
outdoor boom at controlled position F3 with simulator 3 only.  
 

 
Figure 16 – Higher-level boom (boom #7) in the time domain (left) and in the spectral 

domain (right), at the bedroom door F3 (top) and at two testing positions A (in living room 

condition – middle) and D (in kitchen condition – bottom). 
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3.4. Participants 

 

41 participants (10 male, 31 female) aged 18‒69 years (18‒30 years: 18, 31‒45 years: 

14, 46‒60 years: 7, 61‒70 years: 2) completed the study between September 10th and 

October 27th 2020. Information of participants was conveyed by a dedicated website 

(http://etude-saintcyr.yj.fr/) where a detailed information letter could be downloaded. 

Eleven more volunteers were planned but one did not show up, three resigned because 

of covid19, five resigned for other reasons, and the second covid19 lockdown starting on 

29th October 2020 in France prevented two participations, as well as other future 

participations to compensate for the cancellation of the 9 participants. For two 

participants, an electrical breakdown interrupted the tests. Volunteers were grouped and 

tested in pairs (with one exception due to one participant not showing up) as one of the 

experimental tasks (communication task) required having two participants at the same 

time. The study was explained to them, the two boom levels were presented once, in 

order to check whether volunteers felt comfortable taking part in the study, and then they 

signed two copies (one for them, one for Sorbonne Université) of an informed consent 

and a consent for the recording of their voice (for communication task). They were 

compensated for their time (gift card of value 120 €). All the data were anonymized, so 

as to comply with European Rules for Personal Data Protection. Participants were 

identified solely by a number. Correspondence table between identifying participant 

personal data (name, Email, phone number) and this number was destroyed immediately 

after their coming. Date of computers saving the data was fixed identical for all 

participants. The study was approved by Sorbonne Université ethics committee (n° CER 

2020 – 4). For each participant, the study lasted between four and four and a half hours. 

In Appendix 2, 3 and 4 are reproduced: 

1. the approval by SU ethics committee (Appendix 2), 

2. the information letter provided to the participants prior to the study (Appendix 3), 

3. the two consent forms (Appendix 4). 

 

http://etude-saintcyr.yj.fr/
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3.5. Experimental session design 

 
While the venue had been chosen to improve even further the ecological validity (in 

comparison to the single blind room of NASA’s Langley Research center, Klos 2012), an 

effort was made as well to design experimental activities inspired by daily life (professional 

and recreational activities). Participants completed a working memory task, a motor 

control (drawing) task, an evaluative priming task (automatic evaluation of the valence of 

sounds), and a communication task, in the kitchen and in the living room, for two levels 

of boom plus a quiet condition (more details in section 3.6). Questionnaires on these 

psychophysical tasks evaluated their perceived difficulty as well as the disturbance 

caused by the booms and the rattle when doing them. Participants were asked to nap 

during three evenly-spaced 15-min rest periods. Mental fatigue was indirectly self-

assessed using mood scales (Fard & Lavender, 2019) at several times during the 

experimental session (at the beginning and the end of the session, and before and after 

each rest period). Annoyance caused by the booms was assessed via two questions at 

the beginning and at the end of the experimental session. Finally, at the beginning of the 

experimental session, participants were asked to compare the loudness of the two boom 

levels in the kitchen, in the living room, and in the living room with no rattle. Figure 17 

sums up the experimental session design in a flowchart. Table 2 complements Figure 17 

by synthesizing the associations between the experimental activities, the three boom 

conditions, and the three rattle (room) conditions. 
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Activities Boom condition Room / rattle condition 

Annoyance, 

evaluative sound 

rating, loudness 

comparisons 

Low boom / High boom 

Low boom / High boom 

Low boom High boom 

Living room with no rattle 

Living room 

Kitchen 

Motor control No boom 

Low boom / High boom 

Low boom / High boom 

Living room 

Living room 

Kitchen 

Memory No boom 

Low boom / High boom 

Low boom / High boom 

Living room 

Living room 

Kitchen 

Communication No boom / Low boom / 

High boom 

Living room 

Priming Low and High booms 

mixed in one condition 

Living room 

Rest  No boom / Low boom / 

High boom 

Living room 

 

 

Table 2 – Associations between the experimental activities, the boom conditions, and the 

room (rattle) conditions.  
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Figure 17 – Flow chart of the experimental session, depicting all activities. The solid 

circular lines mark the psychophysical tasks (and the questionnaires attached to them), 

the solid rectangular lines mark the other activities (consisting of only questionnaires and 

ratings), the dotted parallelograms mark the three rest periods, and the dashed diamonds 

mark the boom conditions. For pseudo-randomization purpose, the psychophysical tasks 
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were organized in three groups, delimited by the three dashed opening square brackets, 

and within these groups the tasks were organized by boom condition. The grouping 

constrained the pseudo-randomized orders that could be generated. The room 

condition(s) in which each activity was done are displayed in italics. 

 

3.6. Psychophysical tasks 
 

3.6.1 Working memory task 

 
Participants performed a standard “2-back” task (see Soveri et al., 2017 for a review), 

using playing cards as items in order to make the task a bit more entertaining. Twenty 

playing cards were displayed one after another at the center of a computer screen, for 

1.5 s each, and participants had to constantly compare the card on display to the 

penultimate card displayed. For each card, participants had to judge whether or not it was 

the same as the penultimate card displayed. Although participants were asked to 

memorize and compare the cards, the suits were actually irrelevant as, for each series of 

20 cards, any given number was always associated with only one suit. This was done to 

avoid having a task too difficult. Each series of 20 cards had six “targets”, i.e. cards that 

were indeed the same as the penultimate card displayed. The position of the targets within 

a series was randomized with the constraint that they should be split equally between the 

first 10 cards and the last 10 cards of a series. One low boom was presented randomly 

between the 8th and the 14th card of each 20-card series. Six series were presented per 

experimental condition, with a 30-s break between series. Hence, the total duration for 

one run of the task was 5 min. Participants completed 5 runs of the 2-back task (see 

Figure 17) during the course of the experimental session. Percentages of correct 

responses and response times were collected. 
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3.6.2 Motor control task 

 
We included a motor control task in order to test whether the booms would make 

participants startle, even slightly. Participants were asked to draw zones at a quick pace. 

Our aim was to check whether the booms would cause irregularities or swerves in their 

drawing. The idea of using zone drawing to investigate motor control and its potential 

disruption came from reading about the zone drawing test developed by Pullman et al. 

(1994) to measure motor dysfunctions in patients with movement disorders. Participants 

were asked to draw six zones in 25 seconds, during which one boom was presented 

randomly. Participants were instructed to try to draw the six zones while keeping them as 

regular as possible. In order to get similarly-sized zones from all participants, participants 

had to draw the zones passing through circles displayed on the computer screen. One 

25-s interval constituted a trial. The short trial duration was chosen to make the task 

difficult and keep the participants drawing quickly, which we assumed would make boom-

induced swerve more likely. To illustrate the task, Figure 18 displays one trial from one 

participant. 

 
Figure 18 – Example of a 25-s trial. In this example, the participant managed to complete 

five of the six zones. The participant had to draw each zone counter-clockwise, starting 

from the center yellow circle. Participants had to start with the top-left zone and move in 

a clockwise order, hence the last zone of the trial was on the bottom-left. The dotted lines 

were not displayed for the task; they have been added to illustrate the data analysis 

presented in section 4.6. 
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Participants completed six trials separated by 5-s breaks, hence the total duration for one 

run of the task was 2min55s. In order to vary the task and maintain participants’ interest, 

zones had to be drawn counter-clockwise in the first three trials and clockwise in the last 

three trials. The pen input (x and y coordinates, and axial pressure) were recorded (at a 

133-Hz sampling rate). 

Like for the 2-back task, participants completed 5 runs of the motor control task (see 

Figure 17) during the course of the experimental session. 

 

3.6.3 Cross-modal evaluative primal task 
 

Acoustically-presented sounds (“primes”) were immediately followed by visually-

presented words (“targets”) that were either pleasant or unpleasant. For each “sound–

word” pair (i.e., for each trial), participants had to judge as quickly and as correctly as 

possible whether the word was pleasant or unpleasant. Participants were instructed to 

ignore the sounds. Evaluative priming predicts more correct responses and faster 

responses for words preceded by a sound of the same valence than for words preceded 

by a sound of the opposite valence (Scherer & Larsen, 2011). Six positive and six 

negative words were used and were selected from the EMA database (EMotionality base 

according to Age; Gobin et al., 2016) based on their valence norm. Eight pleasant and 

unpleasant sounds were selected from the International Affective Digitized Sounds 

database (IADS-2; Bradley & Lang, 2007) based on their valence norm. As priming task 

effects decrease as the duration of the prime increases (Scherer & Larsen, 2011), 2-s 

clips were extracted from the selected IADS-2 sounds and those clips were used as the 

primes. To this pool of sounds were added our two booms (Low Boom and High Boom). 

This task thus aimed to measure participants’ automatic evaluation of the valence of the 

booms, by comparison to their automatic evaluation to previously reported pleasant and 

unpleasant sounds. Each possible “sound–word” pair was used once (120 trials in total). 

The order of the “sound–word” pairs was pseudo-randomized. A trial started with the 

presentation of a 2-s prime while a fixation cross was displayed at the centre of the 

screen, which was replaced by a target word immediately after the end of the 2-s prime. 

The target word stayed on display for 150 ms then was replaced by a masker (line of 

asterisks) for 550 ms. The participant had the 700-ms interval between the end of the 
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prime and the end of the masker to respond by pressing a key on the keyboard. The 

participant’s response terminated the trial and triggered the start of the next one. If the 

participant did not answer within the 700-ms interval, a 500-ms warning was displayed on 

the screen to encourage the participant to answer more quickly. Participants had a 30-s 

pause after 40 trials and after 80 trials. The total duration of one run of the task was thus 

7min24s or less. As the participant’s response terminated the trial, the two participants of 

an experimental session did not remain synchronized over the course of the task. In order 

to get trials synchronized with the sounds for both participants, we ran the tasks twice, 

once with the emission card NI USB 9260 plugged to one of the participant’s laptop, and 

once with the emission card plugged to the other participant’s laptop. For each participant, 

only the data collected when the emission card was plugged into their laptop was 

analysed. 

The priming task was complemented by an evaluative sound rating task (done at the 

beginning of the experimental session; Figure 17) in which participants were asked to rate 

on a Likert scale (Likert, 1932) the pleasantness of the 4 negative sounds and of the 4 

positive sounds used in the priming task, as well as the pleasantness of the two booms 

(Low Boom and High Boom) in the 3 room conditions. The scale had 7 points, from -3 

(extremely unpleasant) to +3 (extremely pleasant). 

 

3.6.4 Communication task 
 

We adapted a task called the Diapix, originally developed by van Engen et al. (2010), 

where two people are recorded while conversing to solve a ‘spot the difference’ task. We 

translated to French a subset of the picture materials from the DiapixUK version of the 

task, developed by Baker and Hazan (2011). The DiapixUK material consists of pairs of 

pictures, drawn in a "cartoon" style, and the two pictures of a pair are identical except for 

12 differences. Two participants are each given one of two pictures of a pair (they cannot 

see the other picture), and their task is to find the 12 differences by verbally 

communicating with each other. We used four pairs in the present study: one for training 

and three experimental pairs, one for each boom condition (No Boom, Low boom and 

High boom). Figure 19 displays one of the pairs used in the experiment (the four total 

pairs have been shared online with the international Diapix community and can be found 
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here: https://zenodo.org/communities/diapix). The three experimental pairs were 

allocated to the boom conditions randomly. Participants had 5 minutes to find the 12 

differences. For the Low Boom and High Boom conditions, booms were presented 

randomly, with 40 s between booms on average. Participants’ conversations were 

recorded. For practical reasons, this task was only conducted in the living room (with the 

kitchen door opened and the living room door closed, hence with rattle).  

Figure 19 – One of the four pairs of pictures used in the communication task.  

 

3.7. Rest periods 

 
Participants had three mandatory rest periods spread over the course of the experimental 

session. The rest period started and ended with the completion of mood scales (see 3.8). 

In-between, the participants were instructed to either lie on a sofa or recline in a recliner, 

and try to nap for 15 minutes. The three rest periods corresponded to the three boom 

conditions (No Boom, Low Boom, High Boom). For the Low Boom and High Boom 

conditions, two booms were presented during the 15-min nap time. The order of the three 

rest periods was randomized. The two booms were presented at random times with the 

constraints that they both be presented after 5 min but before 12 min of the 15-min nap 

time, and that they be separated by at least 3 min. As for the communication task, the 

rest periods only took place in the living room (so called Living Room rattle condition). 
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3.8. Mood scales 

 
In order to evaluate the mental fatigue caused by the booms and the tasks, we asked 

participants to self-assess their mood regularly using mood scales. Mood data were 

collected at the beginning and at the end of the experimental session, as well as at the 

beginning and at the end of each rest period. We modified Visual Analog Mood Scales 

(VAMS: Fard and Lavender, 2019; Stern et al., 1997) in the following ways: the scales 

were numerical, from 0 on the left-end of the scale to 100 on the right-end of the scale, 

and the scales’ left-end and right-end were marked respectively by a mood-positive face 

and by a mood-negative face, with the middle value (50) corresponding to mood-

neutrality. Four separate mood scales were used to assess the following four mood state 

opposites: rested/tired, relaxed/stressed, energetic/lethargic, and happy/unhappy. For 

clarity, Figure 20 shows an English translation of the graphical interface with the four 

mood scales.  
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Figure 20 – The four mood scales, as displayed on the graphical interface, but with all the 

text translated to English. 

 

3.9. Loudness comparison 
 

The boom levels were different at the four testing positions (positions A to D: Figure 15 

and Table 1). In order to test participants’ perception of the level differences, they listened 

to the two booms (Low Boom and High Boom) presented in succession (2-s inter-onset 

interval) in a random order, and they rated on a 7-points Likert scale the loudness 

difference between the two booms (from -3 if the first boom was much louder than the 

second boom, to +3 if the second boom was much louder than the first boom). This 

loudness comparison was done in the three room/rattle conditions: Kitchen, Living Room, 

and Living Room with no rattle. 
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3.10.  Questionnaires 
 

Every time the participants completed a run of a psychophysical task, they had to answer 

the 12 questions provided in Table 3: two questions regarding the task difficulty, five 

questions regarding the booms, and five questions regarding the rattle. In the No Boom 

condition, participants were instructed to answer 0 to all questions regarding the booms 

and the rattle. Participants also answered the 10 questions regarding the booms and the 

rattle at the end of each rest period. For the evaluative priming task, there were no 

questions specifically about the booms; instead the questions about the booms were 

modified into questions about all the sounds heard during the task. 

Outside the context of a task, at the beginning and the end of the experimental session, 

participants listened to the Low Boom and to the High Boom in the three room conditions, 

and judged how much they were annoying, disturbing or bothersome. The order of the 

room conditions was fixed for convenience: Living Room with no rattle, then Living Room, 

then Kitchen. For each room condition, the order of the booms was randomized. As the 

participants’ computers were in the living room, they had to write their answers on paper 

when judging in the kitchen. The questions about the booms followed the recommended 

French translation of the standardized noise reaction questions (ICBEN, 2017) that uses 

only one verb (“gêner”) instead of the three English verbs “annoy”, “bother”, and “disturb”. 

The answers available to the participants were the five verbal labels recommended by 

the ICBEN (Gjestland, 2017): Extremely, Very, Moderately, Slightly or Not at all (in 

French: Extrêmement, Beaucoup, Moyennement, Légèrement, Pas du tout). As the 

ICBEN’s recommended question targets noise exposure in participants’ homes for at 

least 12 months, which was not applicable to our study, we asked participants two 

different questions: 1) “Taken in isolation, how much does this noise bother, disturb, or 

annoy you?” (so-called « experienced annoyance »), and 2) “And if you were at home, 

how much do you think this noise would bother, disturb, or annoy you?” (so-called « 

imagined annoyance »). The French wording of those two questions was: 1) “Dans 

l’absolu, ce bruit vous gêne-t-il : extrêmement, beaucoup, moyennement, légèrement, 

pas du tout ?” and 2) Et si vous étiez chez vous, pensez-vous que ce bruit vous gênerait 

: extrêmement, beaucoup, moyennement, légèrement, pas du tout ?”.  



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  74 
 

©Copyright - RUMBLE Consortium 

Finally, participants completed an end-of-session questionnaire. They had to fill out: 

demographic information (date of birth, level of education), the NoiSeQ-R reduced noise 

sensitivity questionnaire (Griefahn, 2008;  Schütte, 2007), and questions regarding their 

attitude towards noise, and especially traffic noise as well as satisfaction with the noise 

in their living environment. The full questionnaire in French in given in Appendix 5 and its 

content is summarized in English in Table 4. 

 

 Question Rating scale 

Regarding the task: How much did you have to concentrate to do the task? 11-points  

numerical 

scale [0:10] 

with  
3 verbal 

labels:  
Not at all (0) 
Moderately 

(5) 
Extremely 

(10) 

Did you have to put in a lot of effort to do the task? 

Regarding the booms 

/ regarding the 

rattle: 

How much did the booms / the rattle disturb you when doing the 
task ? 

How unpleasant did the booms / rattle sound ? 

How loud were the booms / was the rattle ? 

How easily could you ignore the booms / the rattle ? 

Did the booms / the rattle surprise you or make you jump ? 

 

 

 

Table 3 – List of questions asked after each short run of the psychophysical tasks and 

after each rest periods. 
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Section (+number of questions) Rating scale 

Date of birth & Level of education 2  

Noise sensitivity (NoiSeQ-R) 13 4-points scale 
(3 = strongly agree, 2 = slightly agree, 

1 = slightly disagree, 0 = strongly 

disagree) 

Sensation of control and capacity of adaptation regarding noise 

at home 
9  

 

5-points ICBEN scale 
(5 = extremely, 4 = very, 

3 = moderately, 2 = slightly, 
1 = not at all) 

Worries about potential negative effects of traffic noise 6 

Evaluation of noise sources (general attitude) 9 

Trust in authorities regarding traffic noise management 9 

Satisfaction regarding noise in their neighborhood 6 

Annoyance regarding traffic noise and neighborhood noise at 

home 
6 

Home activities disturbed by traffic noise 8 

Intensity of noise perceived at home at day and night 4 

 

 

Table 4 – Summary description of the end-of-session questionnaire. 
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4.  Data analysis 
 

The study data were analysed with inferential statistics (Field, 2013). This means that we 

will formulate hypotheses and run statistical tests to see whether they can be rejected or 

not. One has to be aware that with such tests, we can only reject or not a hypothesis. In 

the latter case, that does not mean that the hypothesis is true. This is after all easy to 

understand: it is much easier to prove that something is wrong than to prove that 

something is true. Usually, the hypotheses are formulated as “all means are equal for all 

the experimental conditions”, implying that there is no effect of the factors that we want 

to test (for instance the boom level or the room condition). Therefore, these hypotheses 

are called null hypotheses. The statistical test will calculate the probability (p) of obtaining 

results at least as extreme as the ones obtained experimentally under the assumption 

that the null hypothesis is true. It is a way to check that our experimental results did not 

occur just by chance. If this probability is very low (under a significance level called alpha), 

there are two possibilities: either we are in the case of an extraordinary event or the null 

hypothesis is wrong. Usually, we conclude the latter and thus reject the null hypothesis. 

If the probability is above the threshold, we just cannot conclude. Statistical tests work by 

calculating a test statistic (such as F, t, or Kendall’s Tau) as well as the associated 

probability (p). Most of the times, we choose by convention a significance level alpha of 

5% (Fisher, 1925) but, in some occasions, we use smaller values. This is in particular 

needed when multiple statistics are computed at the same time, which inflates the 

probability that the test statistic value occurred by chance. In those cases, the alpha 

values are determined by applying a correction such as the Bonferroni correction (Dunn, 

1961), the Tukey correction (Tukey, 1949), or the Dunn-Sidak correction (Sidak, 1967). 

The test statistics are chosen depending on the characteristics of the data set. The F-

ratio (F) and the Student’s t (t) both represent the ratio of the variance explained by the 

model divided by the variance not explained by the model (Fields, 2013). These test 

statistics are reported in the form F(m,n) = v, or t(m) = v, where m and n are degrees of 

freedom. The Kendall’s Tau is, a statistic used to measure the ordinal association 

between two measured quantities. It is “often used as a test statistic in a statistical 

hypothesis test to establish whether two variables may be regarded as statistically 



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  77 
 

©Copyright - RUMBLE Consortium 

dependent. This test is non-parametric, as it does not rely on any assumptions on the 

distributions of X or Y or the distribution of (X,Y).” 

(https://en.wikipedia.org/wiki/Kendall_rank_correlation_coefficient). 

 

4.1. Mood scales  
 

We calculated the shifts in mood by subtracting, for each rest period and each mood 

rating scale, the rating collected at the end of the rest period from the rating collected at 

the beginning of the rest period. When calculated this way, greater mood shift values 

indicate a shift toward a more positive mood. As mood shifts were not normally distributed, 

we analyzed them using the aligned-ranked statistical technique for nonparametric 

factorial ANOVAs proposed by Wobbrock et al. (2011) (using the ARTool package in R).  

We performed a two-way ART ANOVA with the applicable boom conditions (No Boom, 

Low Boom, and High Boom) and the four mood shifts as independent variables. One 

participant was dropped from the analysis because he reported very large shifts in mood 

during the No Boom rest period, towards negative moods. 

In addition, mood shifts towards negative moods were calculated for the whole 

experimental session by subtracting the mood ratings collected at the beginning of the 

experimental session from the ratings collected at the end of the session. 

 

4.2. Annoyance ratings 
 

Annoyance ratings were not normally distributed, so we performed a four-way ART 

ANOVA (Wobbrock et al., 2011), with the time (initial ratings completed at the start of the 

experimental session / final ratings completed at the end of the experimental session), 

the question (experienced annoyance / imagined annoyance), the applicable boom 

conditions (Low Boom / High Boom), and the applicable room conditions (Living Room 

with no rattle / Living Room / Kitchen) as independent variables. 
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4.3. Evaluative sound ratings 
 

To assess differences between sound types (negative sounds / positive sounds / booms), 

the ratings of the four negative sounds were averaged together, as were the four positive 

sounds and the six booms (resulting from the combination of the two boom levels with the 

three room conditions). The average ratings for negative sounds, positive sounds, and 

for the six booms altogether were all normally distributed so we performed a one-way 

ANOVA with the sound type (negative / positive / boom) as the independent variable. 

Then, to assess differences between the booms, and as ratings for each of the six booms 

were not all normally distributed, we performed a two-way ART ANOVA (Wobbrock et al., 

2011) with the three room conditions and the two boom levels as independent variables. 

 

4.4. Loudness comparison 
 

We computed, for each participant and each of the three room conditions, the 

percentages of “correct” responses, “incorrect” responses, and “equal” responses. 

“Correct” responses correspond to strictly negative ratings when the first boom of the pair 

of booms presented had actually been the loudest, and to strictly positive ratings when 

the second boom of the pair of booms presented had actually been the loudest. “Incorrect” 

responses are the opposite of correct responses. “Equal” responses are the zero ratings 

indicating that participants could not hear a level difference between the Low Boom and 

the High Boom. 

 

4.5. Working memory task 
 

Data were not recorded for one participant as he did not use the instructed response keys, 

hence data analysis included 40 participants. For two of those 40 participants, in the 

Living Room - High Boom condition, data were erroneously recorded for four series of 

cards instead of the six series planned. Data analysis made use of all cards, not only 
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targets. Cards for which the participant’s response had been quicker than 150 ms were 

discarded as anticipations. 

We assessed participants’ performance by calculating percentages of correct responses 

and mean response times for correct responses. The twenty cards within each series 

were re-numbered so that the card on display when the boom occurred was always 

numbered ‘0’ (card #0). Then, the newly aligned (relative to the boom’s position) series of 

a condition were averaged together. Mean performance on card #0 as well as on the two 

following cards (cards #1 and #2) was compared to the mean of the performance for the 

four cards preceding the boom, (cards #-4 to #-1), which served as a ‘baseline’ 

performance within a series. As the task was a 2-back, cards #0 to #2 were the most likely 

to be affected by the boom on card #0.  

For statistical analyses, we first transformed participants’ individual response times to z-

scores in order to minimise between-participant variability, using the grand mean and 

standard deviation of a participant’s responses in all five conditions. We used Bonferroni-

corrected one-tailed one-sample t-tests to compare the correct response times on card 

#0, on card #1, and on card #2 to the baseline performance. 

 

 

4.6. Motor control task 
 

Due to technical problems, we failed to record the boom onset time for one or two 

conditions for 10 participants. Also, the drawing data were not collected for two 

participants. Hence, the final data set only includes 29 participants (4 male / 25 female, 

aged 18‒56 years [18‒30 years: 15, 31‒45 years: 8, 46‒60 years: 6]. 

In a first analysis, we counted the number of zones that participants drew for each of the 

four combinations of the Low Boom / High Boom conditions and the Living Room / Kitchen 

conditions, as well as for the No Boom condition. The number of zones for the six trials 

of a run were averaged together. As participants had to draw the zones passing through 

circles displayed on the computer screen, we were able to include incomplete zones in 

our count by counting the number of circles passed through. The number of zones 

counted in the No Boom condition was then compared to the four other conditions with 

Bonferroni-corrected paired t-tests.  
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In a second analysis, we divided the drawing space into six equal drawing zones, each 

corresponding to one zone, as illustrated by the dotted lines on Figure 18, and we used 

the pen input data to calculate, for each trial, the time that participants spent on the zone 

during which the boom had been presented as well as the time spent on the zone that 

immediately preceded and the zone that immediately followed. We re-numbered the 

drawing zones so that, for each trial, the one zone during which the boom was presented 

was always numbered ‘0’, and the ones immediately preceding and immediately following 

were always numbered ‘-1’ and ‘1’ respectively. For statistical analysis, we averaged 

together the times spent on non-boom positions (zone #-1 and zone #1) and compared 

them to the times spent on zone #0 by performing a three-way ART ANOVA with the boom 

position (#0 / average of #-1 and #1), the room conditions (Living Room / Kitchen) and 

the boom conditions (Low / High) as independent variables. 

 

 

4.7. Cross-modal evaluative priming task 
 

For the 41 participants, we assessed performance by calculating percentages of correct 

responses (CRs) and mean response times for correct responses (RTs). Responses 

quicker than 150 ms were discarded as anticipations and responses longer than 700 ms 

were discarded as omissions. We performed two one-way ART ANOVAs (Wobbrock et 

al., 2011) with the priming sound stimulus as the independent variable: one with the CRs 

as the dependent variable and one with the RTs as the dependent variable.  

 

4.8. Communication task 
 

For each pair of participants (N = 20) and each applicable boom condition (No Boom, Low 

Boom, High Boom), we estimated communication efficiency by dividing the number of 

differences found by the time taken to find them, which was either 5 min if the participants 

had not found all 12 differences or, if they had found them, the actual time taken to find 

them. Communication efficiency was not normally distributed in the No Boom condition, 
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so we performed a one-way ART ANOVA (Wobbrock et al., 2011) with the boom condition 

as the independent variable. 

 

4.9. Questionnaires 
 

We analysed the questionnaires completed after each short run of the working memory 

task, of the motor control task, and of the communication task, as well as the 

questionnaires completed after each rest period (Table 3). The questionnaire completed 

after the cross-modal evaluative priming task was discarded because the questions 

applied to all the sounds and not only to the booms, and thus the answers cannot be 

compared to the other questionnaires. The salience questions were dropped from the 

analyses because the response scale was reversed compared to the other questions 

(answering 10 for this question meant that the booms/rattle were extremely easy to 

ignore, whereas a 10 on the disturbance question meant the booms/rattle were extremely 

disturbing) and we had doubts on whether this had been made clear for every participant. 

There were 40 participants included for the working memory questionnaire and for the 

communication task questionnaire, 41 participants for the motor control task 

questionnaire, and only 33 for the rest periods questionnaire because we only added this 

questionnaire after the first 4 pairs of participants had been tested.  Ratings were not 

normally distributed for all the questions, so we analysed the questionnaires using ART 

ANOVAs (Wobbrock et al.,2011). We analysed the ratings for the two task-related 

questions separately from the boom-related and rattle-related questions, as the former 

did not apply to the rest periods. To analyse the boom-related and rattle-related questions 

for the rest periods, we performed a two-way ART ANOVA with the applicable boom 

conditions (Low Boom / High Boom) and the questions (boom-related and rattle-related) 

as the independent variables. To analyse the boom-related and rattle-related questions 

for the working memory task and the motor control task, we performed a three-way ART 

ANOVA with the applicable room conditions (Living Room / Kitchen), the applicable boom 

conditions (Low Boom / High Boom) and the questions as the independent variables. To 

analyse the task-related questions, for the working memory task and the motor control 

task, we performed a three-way ART ANOVA with the applicable room conditions (Living 

Room / Kitchen), the applicable boom conditions (No Boom / Low Boom / High Boom), 

and the questions as the independent variables. 
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4.10.  End-of-session questionnaire 
 

The effect of the booms on task performance (for the tasks where we observed such an 

effect), the annoyance of the booms during the rest periods, and the mood shift between 

the beginning and the end of the experimental session towards negative moods, may all 

correlate with sections of the end-of-session questionnaire that either directly address 

noise sensitivity or that may indirectly and partly reflect noise sensitivity. We may expect 

the following correlations:  

a) positive for noise sensitivity (NoiSeQ-R), 

b) negative for general attitude (general evaluation) towards traffic noise insofar as a more 

negative attitude to traffic noise might come from heightened sensitivity to noise, 

c) negative for satisfaction regarding noise in neighbourhood insofar as weaker 

satisfaction might reflect heightened sensitivity to noise, 

d) positive for annoyance regarding traffic noise and neighbourhood noise at home, 

insofar as such annoyance might reflect heightened sensitivity to noise, 

e) positive for indoor home activities. 

 

In addition, the effect of the booms on task performance (for the tasks where we observed 

such an effect), the annoyance of the booms during the rest periods, and the mood shift 

between the beginning and the end of the experimental session towards negative moods, 

may all correlate with sections of the end-of-session questionnaire that either directly 

address the sensation of control over noise and the degree of adaptation to noise, or that 

may indirectly and partly reflect the sensation of control and/or the degree of adaptation. 

We may expect the following correlations:  

f) negative for the sensation of control and capacity of adaptation regarding noise at 

home, 

g) positive for worries about potential negative effects of traffic noise, insofar as such 

worries may reflect the sensation of a lack of control over noise, 
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h) negative for the trust in authorities regarding traffic noise management, insofar as a 

weaker trust may reflect the sensation of a lack of control over noise, 

i) positive for the intensity of noise perceived at home at day and night, insofar as reporting 

more intense noise at home might reflect a weaker degree of adaptation to noise. 

Each one of the 9 sections of the end-of-session questionnaire listed above (a. to i.) 

comprised several questions (see Table 4). In order to minimize the number of 

correlations to compute, we used for each section an average section rating, obtained by 

averaging ratings across all the questions of a section. The only exception to this rule was 

for section e) (Table 4: Home activities disturbed by traffic noise). We discarded the three 

questions about outdoor activities and, for the indoor activities, we used two variables: 

the questions about disturbance during rest and during sleep were averaged and used to 

correlate with the questionnaires related to the rest periods, and the three questions about 

indoor activities were averaged and used to correlate with the effect of the booms on task 

performance. For the effect of the booms on task performance, we considered the 

working memory task and the motor control task as they were the only ones for which we 

observed an effect of the booms on individual participants (the communication task 

cannot be used as the participants performed in pairs). In order to minimize the number 

of correlations, we used for the working memory task the z-scores reported in section 5.5 

averaged over the two conditions for which the effect of the booms was significant (the 

two Low Booms conditions). For the motor control task, we calculated the difference 

between the time spent on zone #0 and the average of the times spent on zone #-1 and 

zone #1, averaged over the four boom conditions. For the annoyance of the booms during 

the rest periods, we used the average ratings for the boom-related questions in the 

questionnaire completed after the rests, averaged over the Low Boom and the High Boom 

conditions. For the mood shift between the beginning and the end of the experimental 

session, we subtracted the mood ratings collected at the beginning of the experimental 

session from the mood ratings obtained at the end of the experimental session (see 

section 4.1), and we averaged the four mood scales together. We thus computed a total 

of 10x4 = 40 correlations. As data were not normally distributed, the correlations were 

computed using Kendall’s Rank Correlation Coefficient (Kendall’s τ). The significance 

level for the p values was 0.0013, following the Dunn-Sinak correction for multiple 

comparisons.   
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5.  Results 
 

 

5.1. Mood scales (rest periods) 
 

Figure 21 would suggest that fatigue and stress were the most sensitive scales to the two 

booms presented during the rest period, and that stress was sensitive to the boom 

condition. However, the statistical analysis only revealed a main effect of the scale [F(3, 

429) = 23.3; p < 0.001]; there was no main effect of the boom condition and no interaction. 

 

  
Figure 21 – Mood shifts during the rest periods, averaged across participants. Greater 

mood shifts indicate shifts toward positive moods. As the mood scales ranged from 0 to 

100 (section 3.8), the mood shifts’ full range is from -100 to 100. Error bars represent 

standard errors of the mean. 
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5.2. Annoyance ratings 
 

Figure 22 shows the annoyance ratings for the booms. The statistical analysis revealed 

a main effect of the question asked [F(1, 920) = 264; p < 0.001]: the booms were judged 

less annoying when participants were instructed to judge them in isolation than when 

instructed to imagine hearing them at home. There was also a main effect of the room 

condition [F(2, 920) = 88.7; p < 0.001]: the booms were judged less annoying in the Living 

Room with no rattle condition than in the two conditions with rattle [contrast with the Living 

Room condition: t(920) = -13.3; p < 0.001; contrast with the Kitchen condition: t(920) = -

7.64 ; p < 0.001]. The booms were judged less annoying for the Kitchen condition than 

for the Living Room condition [contrast: t(920) = -5.63; p < 0.001]. Two interaction effects 

were significant: there was an interaction between the time and the boom condition [F(1, 

920) = 13.9; p < 0.001] and an interaction between the time, the boom condition and the 

room condition [F(2, 920) = 4.77; p < 0.01]. The former two-way interaction points to a 

pattern of High Booms being judged less annoying than Low Booms at the beginning of 

the experiment (initial ratings), but being judged more annoying than Low Booms at the 

end of the experiment (final ratings). The latter three-way interaction seems to point to 

the fact that the interactive pattern of the former two-way interaction is observed for the 

Kitchen condition but not observed for the Living Room condition. 
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Figure 22 – Annoyance ratings, as obtained at the beginning of the experimental session 

(Initial Ratings) and at the end of the experimental session (Final Ratings). Annoyance 

ratings averaged across participants are plotted for the two questions asked (Experience 

Annoyance: booms judged as they were / Imagined Annoyance: booms judged as if 

participants were experiencing them in their home), and for the three room conditions 

(with the “Living Room with no rattle” condition shortened as “No Rattle”). Error bars 

represent standard errors of the mean. 

 

5.3. Evaluative sound ratings 
 

Figure 23 shows the evaluative ratings (unpleasant/pleasant judgments) for all sounds 

(negative sounds, positive sounds, and booms). There was a main effect of the sound 

type [F(2, 80) = 333; p < 0.001]. The booms were judged more unpleasant than the 

positive sounds [t(120) = -23.2; p < 0.001], but not more unpleasant than the negative 

sounds [t(120) = -1.27; p = 0.41]. As for the differences between the booms, there were 

main effects of the room condition [F(2, 200) = 27.0; p < 0.001] and of the boom conditions 

[F(1, 200) = 53.1; p < 0.001], as well as an interaction effect between the room conditions 
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and the boom conditions [F(2, 200) = 7.70; p < 0.001]. The room condition effect relates 

to the fact that the booms were judged more unpleasant when rattle was present (kitchen 

and living room conditions) than when there was no rattle. The boom condition effect 

relates to the fact that the High Booms were judged more unpleasant than the Low 

Booms. The interaction effect relates to the fact that the difference between High Booms 

and Low Booms was larger when there was no rattle than when rattle was present: in the 

No Rattle condition, the Low Boom was less unpleasant than all the other booms. 

 

 

Figure 23 – Evaluative sound ratings: the pleasant/unpleasant judgments, averaged 
across participants, are plotted for each sound stimulus. Error bars represent standard 
errors of the mean.  

 

5.4. Loudness comparison 
 

Figure 24 plots, for each room condition, the percentages of participants who either 

reported a loudness difference consistent with the booms’ level difference (“correct” 

response), inconsistent with the booms’ level difference (“incorrect” response), or judged 

the booms to be equally loud (“equal” response). This figure shows that most participants  

perceived a difference in loudness consistent with the differences in sound levels. 
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However, there were differences between room conditions: fewer participants gave a 

“correct” response in the Living Room condition than in the No Rattle condition, and fewer 

participants gave a “correct” response in the Kitchen condition than in the Living Room 

condition. The reverse was observed for “equal” responses: more participants gave an 

equal response in the Living Room condition than in the No Rattle condition, and more 

participants gave an “equal” response in the Kitchen condition than in the Living Room 

condition. More participants gave an “incorrect” response in the Kitchen condition than in 

the Living Room and the No Rattle conditions.These differences between room conditions 

are consistent with the boom level differences (for all the six SSTG metrics but not for 

CSEL) and how they change with the room condition. As indicated in section 3.3 and 

Table 1, and recalled on Figure 24, the boom level difference was slightly smaller in the 

Living Room condition than in the No Rattle condition, and, in the Kitchen, the boom level 

difference was very small. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24 – Loudness comparison. The “No Rattle” caption is short for the “Living Room 

with no rattle” condition. For each room condition, the booms’ level differences in dBA are 

indicated for the two participants’ positions separated by a hyphen. 
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5.5. Working memory task 
 

Performance, as indexed by percentages of correct responses, was good: the mean 

percentage of correct responses, when averaged across all participants and conditions, 

was 87.3%, with the worst-performing participant having a mean percentage of 68.9% 

and the best-performing participant having a mean percentage of 96.8%. We did not find 

any effect of the booms on the percentages of correct responses. 

However, the response times for cards #0 and #1 were visibly influenced by the boom, at 

least for the two Low Boom conditions as illustrated in Figure 25 which shows the correct 

response times, as a function of the card number, for the four conditions in which booms 

were presented. Asterisks indicate correct response times significantly higher than the 

baseline response time (marked by the horizontal dash dotted line). We chose to plot 

response times instead of z-scores for better readability, even though the statistical tests 

were carried on the z-scores. We observed statistical effects of the booms on response 

times in the two Low Boom conditions only. Response times on card #1 were significantly 

longer than the baseline in the Living Room – Low Boom condition [t(39) = 2.36; p = 0.01], 

and response times on both card #0 and card #1 were longer than the baseline in the 

Kitchen – Low Boom  condition [card #0: t(39) = 2.44; p = 0.01; card#1: t(39) = 2.48; p = 

0.09]. 

In order to estimate what proportion of the participants might be susceptible to a 

detrimental effect of low sonic booms on working memory processes, we counted – for 

each condition – the number of participants whose response times for either card #0 or 

card #1 were longer than their longest response times for cards #-4 to #-1. We counted 

14 (35%) such participants in the Living Room – Low Boom condition, 18 (45%) in the 

Living Room – High Boom condition, 23 (57.5%) in the Kitchen – Low Boom condition, 

and 19 (47.5%) in the Kitchen – High Boom condition. No participant met the criteria for 

the four conditions, but 9 participants (22.5%) met the criteria for three out of the four 

conditions and can thus be thought as the most sensitive participants to the booms for a 

working memory task. 
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Figure 25 – Working memory task. Correct response times (in ms) averaged across 

participants are plotted for the four conditions in which booms were presented. Error bars 

represent standard errors of the mean. Asterisks indicate correct response times 

significantly* higher than the baseline response time (marked by the horizontal dash 

dotted line). [* We chose to plot response times for better readability, but the statistical 

tests were carried on the z-scores.] 

 

 

5.6. Motor control task 
 

The first analysis, on the number of zones drawn, did not show any statistical effect. The 

t-tests did not show differences between any of the four conditions with booms and the 

No Boom condition. The booms did not have an effect on the number of zones drawn.  



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  91 
 

©Copyright - RUMBLE Consortium 

The second analysis, on the time participants spent on zone #0 compared to the average 

time for zone #-1 and zone #1, yielded a main effect of the boom [F(1, 196) = 6.38; p < 

0.05]: participants spent significantly more time on zone #0, the zone during which a boom 

was presented, than on zone #-1 and zone #1, and this could be observed for all 4 

conditions in which booms were presented (Figure 26). No other statistical effect was 

observed. 

 

 

 

Figure 26 – Motor control task. Time spent (in seconds) on zone #-1, zone #0, and zone 

#1, averaged across participants, plotted for the four conditions in which booms were 

presented. Because participants drew at different speeds and because the timing of the 

boom presentation was randomized, not all participants had a zone #-1 or a zone #1: the 

number of participants is indicated between brackets at the bottom of each bar. Error bars 

represent standard errors of the mean. 
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5.7. Cross-modal evaluative priming task 
 

The ART ANOVAs did not show an effect of the priming sound stimuli, neither for the 

number of correct responses nor for the response times. Contrary to our expectations and 

to previous published results, whether the sound stimuli were pleasant or unpleasant did 

not influence participants’ ability and speed when judging whether the words were 

pleasant or unpleasant. 

 

5.8. Communication task 
 

Communication efficiency is plotted in Figure 27: it was greater for our participants in the 

No Boom condition than in the Low Boom condition, but was similar between the No 

Boom and the High Boom conditions. The ART ANOVA did not show an effect of the 

boom condition, so we cannot reject the null hypothesis of no effect of the booms on 

communication efficiency. 
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Figure 27 – Communication Efficiency during the three conditions of the communication 

task, averaged across participants. Error bars represent standard errors of the mean. 

 

 

5.9. Questionnaires on the tasks and the rest periods 
 

Figure 28 shows the results of the questionnaires described in Table 3 for the working 

memory task, the motor control task, the communication task, and for the rest periods. 

As mentioned in section 4.9, the questionnaire for the priming task was discarded as it 

was not comparable to the others.  

For the working memory task, we observed a main effect of the questions [task-related 

and rattle-related questions; F(8, 1365) = 41.3; p < 0.0001] and an interaction effect 

between the room conditions and the boom conditions [F(1, 1365) = 4.15; p < 0.05].  The 

latter effect reflects slightly higher ratings in the High Boom condition than in the Low 

Boom condition for the Living Room conditions, but not for the Kitchen conditions. For the 

two task-related questions, a main effect of scale [F(1, 351) = 6.16; p < 0.05] was 

observed but no effect of the boom condition or the room condition. For the 

communication task, we observed a main effect of the question [task-related and rattle-

related questions; F(8, 663) = 26.3; p < 0.0001] and a main effect of the boom condition 

[F(1, 663) = 13.4; p < 0.001]. The latter effect reflects higher ratings in the High Boom 

condition than in the Low Boom condition. For the two task-related questions, a main 

effect of scale [F(1, 195) = 5.73; p < 0.05] was observed but no effect of the boom 

condition. 
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Figure 28 – Questionnaires completed after each run of the tasks and after the rests. 
Answers were averaged across participants. The full range for all response scales is from 
0 to 10. Error bars represent standard errors of the mean. 
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For the motor control task, we observed a main effect of the questions [task-related and 

rattle-related questions; F(8, 1400) = 46.3; p < 0.0001] and a main effect of the room 

conditions [F(1, 1400) = 4.45; p < 0.05]. The latter effect reflects higher ratings in the 

Living Room – Low Boom and Living Room – High Boom conditions than in the Kitchen 

– Low Boom and Kitchen – High Boom conditions. This result goes against our 

hypothesis, as we were expecting higher ratings for the two Kitchen conditions than for 

the two Living Room conditions. It might be noted on Figure 28 that ratings were slightly 

higher for the two High Boom conditions than for the two Low Boom conditions, but this 

missed statistical significance [F(1, 1400) = 3.60; p = 0.058]. For the two task-related 

scales, one might note on Figure 28 slightly higher ratings for the two High Boom 

conditions than for the two Low Booms conditions, but this was not significant [F(2, 360) 

= 2.78; p = 0.064]. 

 

For the rest periods, we observed a main effect of the questions [task-related and rattle-

related questions; F(8, 544) = 16.9; p < 0.001] and a main effect of the boom condition 

[F(1, 544) = 4.86; p < 0.05]. The latter reflects slightly higher ratings in the High Boom 

condition than in the Low Boom condition. Even though these slightly higher ratings are 

only visible on the figure for the boom-related questions and not for the rattle-related 

questions, the interaction between the room conditions and the boom conditions was not 

significant. 

 

 

5.10.  End-of-session questionnaire 

 

None of the 40 correlations computed reached the Dunn-Sidak corrected alpha of 0.0013. 
Nevertheless, Table 5 displays all the 40 correlations (Kendall’s Tau) and the associate 
p values, with the three correlations that were in the predicted direction (predicted in 
section 4.10) and had a p value < 0.05 in bold.  
 



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  96 
 

©Copyright - RUMBLE Consortium 

 
Table 5  – Correlations between extracts from the end-of-session questionnaire and some 
of the experimental measurements. See section 4.10 for details. 
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6.  Discussion 
 

 

6.1 Mood scales (rest periods) 
 

The main takeaway from the mood scales ratings is that the fatigue and stress scales 

seem to have the potential to reflect a detrimental influence of the booms on participant’s 

ability to “recuperate” during a rest. Figure 20 suggests that booms, and especially High 

Booms, might hinder recuperation and relaxation during a rest. This hypothesis is also 

substantiated by past St Louis (Nixon and Brodsky, 1965) and Oklahoma (Hilton et al., 

1964) community studies pointing out interference between (very high) booms and rest 

for 15 to 20 % of the responses. Even though the differences were not significant in our 

statistical analysis, future studies using larger samples (and thus attaining greater 

statistical power) may want to focus on “fatigue” and “stress” scales to investigate the 

effect of low sonic booms on the quality of rests. These future studies might also benefit 

from including rattle as a factor. In particular, future community surveys should 

include boom exposure in periods favourable for rest time, such as evenings, 

weekends, holidays or naps after meals depending on local habits. This will be 

recommendation 1 of the present report. 

 

6.2 Annoyance ratings 
 

There are two main takeaways from the annoyance ratings results. First, annoyance rat-

ings were higher when participants were asked to imagine hearings the booms in their 

home than when they were asked to judge them in isolation. One hypothesis to explain 

this observation is that participants could be concerned by potential damages to their 

home, by a loss of quality of life (additional noise exposure, sleep disturbance, less ben-

eficial rest periods – see section 6.1), or by a possible depreciation of their house’s value 

in case of frequent exposure, all of which are elements of the participants’ response that 
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could not be grasped in our study. This difference should be kept in mind when comparing 

results between laboratory studies and future field studies. Second, the booms were more 

annoying when rattle was present than when it was absent: this confirms that rattle plays 

a significant role in the perceived annoyance of low sonic booms (as pointed in previous 

studies, notably: Fields, 1997; Hodgdon et al., 2013; Rathsam et al., 2015 for the most 

recent ones). However, we cannot conclude about the effect of a difference in rattle level 

as, in our case, a stronger rattle (in the kitchen) was associated with a lower boom level 

(compared to the living room). Our results may suggest that the boom level difference 

dominates over the rattle level difference as the annoyance was judged slightly higher in 

the living room than in the kitchen but this would need to be checked with further studies. 

It would therefore be useful during community surveys to inquire whether rattle was per-

ceived as an element of annoyance and to identify places with similar boom levels but 

different rattle levels and vice versa in order to tease apart the respective contributions of 

boom and rattle to annoyance.  

 

6.3 Evaluative sound ratings 
 

There are three takeaways from the evaluative sound ratings. First,  booms are 

unpleasant: the booms were judged as unpleasant as the four unpleasant sounds that we 

selected from the IADS-2 database for their negative valence.  

The second takeaway is that the presence of rattle makes booms more unpleasant: this 

is consistent with our results for annoyance (see 5.2). Actually, our discussion about rattle 

in 6.2 (everything from “Second, the booms were more…”) could be re-written word for 

word, simply replacing “annoying/ance” by “unpleasant/ness”. 

The third takeaway is that the higher boom level makes booms more unpleasant: this was 

particularly clear for the No Rattle condition. Such effect of boom level was not seen for 

annoyance (see 5.2). Notably, if we focus on the initial annoyance ratings, which were 

performed just before the evaluative sound ratings (see Figure 17), we do not observe 

differences between the Low Boom and the High Boom conditions (Figure 22). Future 

community surveys should seek to replicate the effect of boom level on unpleasantness, 

possibly for more levels. As a trend for an effect of boom level was also visible for the 
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final annoyance ratings, especially when imagining being at home (Figure 22), which 

would be the case in community surveys. they should also investigate the effect of boom 

level on annoyance ratings. 

As a conclusion of sections 6.2 and 6.3, Recommendation 2 will be to systematically 

investigate the effects of the boom characteristics (in terms of both level and rattle 

noise) on both annoyance and unpleasantness. 

 

6.4 Loudness comparison 
 

We added this task to the protocol because we noticed that the two boom levels  sounded 

barely different in the Kitchen condition, even though we could clearly hear the level 

difference in the two Living Room conditions. Our perception was consistent with the level 

differences measured between the two booms using the 6 SSTG metrics (section 3.3), 

and we reasoned that observing the same perception pattern in participants would be 

evidence vindicating the SSTG metrics for low sonic booms. Overall, participants shared 

our experience: in the kitchen, only 56.1% of the participants reported a loudness 

difference consistent with the level difference, whereas they were 75.6% in the Living 

Room condition and 82.9% in the No Rattle condition. We can thus conclude that 

loudness differences for low sonic booms are consistent with the metrics selected by the 

SSTG. 

 

6.5 Working memory task 
 

The main takeaway from this task is that low sonic booms can disturb people’s memory 

processes, as we observed longer response times for cards #0 and #1 than for the four 

cards immediately preceding the boom presentation. We did not, however, observe longer 

response times for card #2, which indicates that the booms did not prevent the 

memorization of card #0 but rather disturbed memory processes related to the 

maintenance in memory of cards #-2 and #-1 and/or processes related to the comparison 
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of cards #-2 and #-1 to cards #0 and #1.           

The booms only increased responses significantly in the two Low Booms conditions, and 

not in the two High Booms conditions. The Kitchen – High Boom condition differed notably 

from the other conditions in that participants responded quicker in that condition, 

irrespective of the relative card position. The differences between the four boom 

conditions may be explained by the often reported inverted U-shape relationship between 

task difficulty and task performance (van Steenbergen et al., 2015). The booms were the 

least distracting in the two High Boom conditions, which also were the two conditions with 

the highest dBA levels measured (see Figure 15): more salient distractors (ie., more 

salient booms) might have led to enhanced cognitive mobilization, thus resulting in better 

performance less affected by the booms. Cognitive mobilization might have been 

especially high for participants seated in Position D in the Kitchen – High Boom condition 

because the glass door next to them was giving out a strong rattle, and those participants 

knew it beforehand as they had already completed the annoyance rating task, the 

loudness comparison task, and the evaluative sound rating task, in the same position, at 

the beginning of the experimental session. Thus, they would have been prepared for the 

strong rattle coming from the glass door. Interestingly, when splitting participants by 

position (A, B, C, D): the booms affected response times the most in positions B and C, 

less so in position A, and the least in position D, for both the Low Boom and the High 

Boom conditions. If we hypothesize that the rattle was the main distracting component of 

the boom, then this pattern of results is consistent with an inverted U-shape relationship 

between task difficulty and task performance: performance was worse (i.e., responses on 

cards #0 and #1 were the most delayed) when the rattle salience was intermediate 

between the two extreme positions that were position A (where the rattle was felt the least, 

making the booms subjectively the least impactful) and position D (where the rattle was 

the strongest because of the glass door). These observations confirm the interest of 

surveying, during future community surveys, rattle noise as an element of global boom 

perception, according to our recommendation 2 (section 6.2). 

The present study could investigate only the effect of exposition on multiple booms during 

a limited period of time (one afternoon) for adult participants. It is therefore impossible to 

draw any consequence about the effect of long-term, chronic boom exposure on cognitive 

performances of people, and even less of children.  However, negative effects of ground 

and air traffic noise exposure on children have been consistently reported (Klatte et al. 

2013). Our recommendation 3 is therefore to encourage the scientific community 
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to address this issue of chronic boom exposure on children’s development. As 

chronic boom exposure does not exist yet, one possible way to tackle this issue would be 

to monitor children distraction in classroom following boom exposure for several 

consecutive school days, during future community surveys using a low boom 

demonstrator. 

  

6.6 Motor control task 
 

The main takeaway from this task is that low sonic booms can disturb motor control, as 

we observed that participants spent more time on zone #0 than on zone #-1 and zone #1. 

Unlike working memory (see 5.5 and 6.5), motor control was disturbed for all four 

conditions in which booms were presented. Neither the change in boom level nor the 

presence of rattle modulated significantly the effect of the booms. We are planning to 

perform more refined analyses to further investigate the effects of level and rattle: we will 

use the pen coordinates to calculate, as a function of time, the velocity, the acceleration, 

the jerk, and the pressure variation. We will calculate these five metrics on a 4-s time 

interval centered on the boom onset, for each one of the 6 trials per condition, for the five 

experimental conditions, and we will test whether the booms had an effect on these 

metrics. We will also focus on the participants who were seated on position D, the closest 

to the kitchen’s glass door, as these participants experienced the greatest degree of rattle 

noise and are, in our expectations, the most likely to have been startled while drawing. 

Finally, our recommendation 4 for future studies is to try to clarify the potential impact 

of low sonic booms on motor control in potentially hazardous daily-life situations 

(such as cooking, handiwork, driving).  

Moreover, the observed effect on motor control reinforces our recommendation 3: 

futures studies should investigate the effect of booms on children’s psychomotor 

development.  
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6.7 Cross-modal evaluative priming task 
 

Contrary to our hypothesis, we did not observe facilitated processing when target words 

were congruent in their valence with the priming sound stimuli (evaluative priming effect). 

A number of factors likely contributed to this negative result. Firstly, it should be pointed 

that evaluative priming has mostly been studied in the visual modality (Klauer & Musch, 

2003), and that there are only a handful of studies in the literature that could help us 

design a study investigating the automatic evaluation of low sonic booms. Secondly, 

priming effects are stronger when the “attitude accessibility” (Klauer & Musch, 2003) of 

the primes is stronger, which means when the primes are strongly associated with a 

positive/negative attitude and are quickly evaluated as being so when presented. This 

may not have been the case in the present study because the booms were unfamiliar and 

the other sounds had their sound quality degraded by the reproduction system being 

optimized for boom reproduction. One of the reasons participants listened and rated all 

the priming sounds beforehand (Evaluative sound rating on Figure 17) was actually to 

counterbalance this limitation by familiarizing participants with the primes and attempt to 

increase their attitude accessibility. Thirdly, priming effects are stronger when the 

stimulus-onset asynchrony (SOA: the time between the start of the prime and the start of 

the target) is short, in the range of a few hundred milliseconds (Klauer & Musch, 2003). 

Scherer and Larsen (2011) managed to find a priming effect with 1-s extracts (and thus 

1-s SOAs) of sounds from the same sound database we used (IADS-2; Bradley & Lang, 

2007), but we chose to double this time (2-s extracts and 2-s SOAs) in order to get more 

recognizable primes with our sound system. This might have been a mistake. There is 

evidence that the valence information of the IADS sounds can be automatically extracted 

with extracts as short as 200 ms (Folyi & Wentura, 2017). Future investigations should 

try again to assess the automatic evaluation of low sonic booms with the priming paradigm 

but using shorter priming sounds. 
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6.8 Communication task 
 

The interpretation of the communication task is limited by the fact that, because 

participants were tested by pairs, we have less statistical power than for the other tasks 

(sample size = 20 pairs). The Low Booms, but not the High Booms, decreased 

communication efficiency. This effect of the boom level is similar to the effect observed 

for the working memory task. As for the working memory task, we hypothesize that 

cognitive mobilization might have been greater in the High Boom condition. This is 

consistent with the questionnaire ratings for the task concentration question (Figure 28), 

which were higher for the High Boom than for the Low Boom. More refined analyses are 

required on this dataset. Since the conversations were recorded, we will analyse them to 

assess the effects of the booms on participants’ spontaneous speech production (such 

as interruptions in speech flow, comments on booms, and vocal adaptations in sound 

level, spectral changes, or speech-rate changes). 

As oral communication is essential for children’s learning, these results also comfort our 

recommendation 3 for the scientific community to address the issue of the effect 

of chronic boom exposure on children cognitive and psychomotor development. 

 

6.9 Questionnaires on the tasks and the rest periods 
 

To gain an overall vision of the questionnaires results, we computed two meta-analyses. 

Firstly, we computed a three-way ART ANOVA on the ratings of the Living Room 

conditions for the four questionnaires in Figure 28, for the 32 participants for whom we 

had data for all the questionnaires, using as independent variables the questionnaires, 

the boom conditions, and the boom-related and rattle-related questions. We observed a 

main effect of the questions [F(8, 2218) = 55.2; p < 0.0001], a main effect of the booms 

[F(1, 2220) = 16.5; p < 0.0001], and a main effect of the questionnaires [F(3, 2219) = 211; 

p < 0.0001]. Secondly, we computed a four-way ART ANOVA on the ratings of the Living 

Room and Kitchen conditions for the working memory and motor control tasks’ 

questionnaires, for the 40 participants that these two questionnaires had in common, with 

the same independent variables as the first meta-analysis plus the room conditions. We 
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observed a main effect of the questions [F(8, 2769) = 80.7; p < 0.0001], a main effect of 

the rooms [F(1, 2769) = 5.65; p < 0.01], and an interaction effect between the rooms and 

the booms [F(1, 2769) = 5.60; p < 0.05].  

There are three takeaways from these meta-analyses. Firstly, the main effect of 

questionnaires, with higher ratings for the questionnaires regarding the rest periods than 

for the questionnaires regarding the tasks, shows that the booms were more annoying 

during the rest periods than during the tasks. This confirms previous research’s finding 

that sonic booms are particularly disturbing when people are trying to rest/relax (Fields, 

1997; McCurdy et al., 2004). Secondly, the main effects of the questions and the main 

effect of the rooms moderates the importance of rattle on the booms’ annoyance in the 

context of a task or a rest. The main effects of the questions, with higher ratings overall 

for the boom-related questions than for the rattle-related questions, suggest that the boom 

is a bigger contributor to annoyance than the rattle it triggers during a task. This is is in 

agreement with the potential dominance of the boom over the rattle for annoyance rating 

with no activity context discussed in 6.2. It could be argued that lower ratings for the rattle-

related questions reflect participants’ difficulties in evaluating rattle as it was an unfamiliar 

concept, but the main effect of the rooms is consistent with rattle not being the dominant 

factor in annoyance, since the ratings were overall lower in the kitchen, where the rattle 

was stronger. The lower ratings in the kitchen are instead consistent with the boom level 

being the dominant factor in the booms’ annoyance during the tasks, as the levels were 

lower in the kitchen than in the living room because of the indoor boom transmission. 

However, the fact that the annoyance ratings were not higher when there was more rattle 

(in the kitchen) conflicts with the main takeaway from the evaluative sound ratings (of 

section 6.3, according to which rattle plays a significant role in making low sonic booms 

unpleasant. Our study reports a discrepancy between annoyance and unpleasantness 

regarding the role of rattle. This discrepancy might be related to the presentation context 

of the booms: the booms were rated for themselves in the evaluative sound ratings 

whereas the booms addressed in the questionnaires were presented while the 

participants were trying to achieve a goal non-related to the booms (completing a task or 

getting some rest). Thirdly, both the main effect of the booms in the three-way ART 

ANOVA (higher ratings in the High Boom condition than in the Low Boom condition) and 

the interaction between the rooms and the boom levels in the four-way ART ANOVA 

(higher ratings in the High Boom condition than in the Low Boom condition in the living 

room but not in the kitchen) point to the boom level making a difference in annoyance 
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whenever the level difference is larger than a couple of dB, which was the case in the 

living room but not in the kitchen. Future analyses of these data will split participants’ 

responses according to their position in the house (position A to D) to gain a finer picture 

of the interactions between the boom and rattle levels. 

 

6.10 End-of-session questionnaire 
 

As the renewal of civil supersonic aviation has the potential to disrupt people’s quality of 

life, it would be useful to be able to predict how much an individual might be affected by 

the supersonic booms based on some personality questionnaire, mostly related to their 

attitude to noise, that could be conducted easily without the need to expose people to 

supersonic booms. Unfortunately, despite the use of an extensive questionnaire (72 

questions), we did not manage to find a question or a set of questions that would capture 

participants’ attitude to noise in a way predictive of their response to the low supersonic 

booms. The items in our end-of-session questionnaires have been previously validated 

by psychologists working on traffic noise, but they still might not have been appropriate 

for our study because sonic booms are impulsive sounds whereas road, air, and rail traffic 

mostly involves continuous noise. It is especially worth noting that even the rigorously 

validated NoiSeQ-R questionnaire, developed to measure global noise sensitivity as well 

as the sensitivity of leisure, work, habitation, communication, and sleep (Griefahn, 2008;  

Schütte, 2007), did not correlate with our measurements of participants’ responses to the 

low booms. Our recommendation 5 is that future investigations should try to take 

into account the specificity of sonic booms being impulsive noises when putting 

together questionnaires. 

Another potential explanation for the lack of correlations between the end-of-session 

questionnaire and our measurements of participants’ responses to the low booms is that 

our sample of participants is not representative of the French population in terms of sex 

(only 24.3% of males), age (78% below 46 years old, no children), and education. For the 

latter, 73.2% of our sample had a Bachelor’s degree or a higher level diploma, which was 

the case of only 24.8% of the French population in 2020 (INSEE, 2020). Future 

investigations should reach for larger samples more representative of the population, 

especially in terms of age and education, and include children.  



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  106 
 

©Copyright - RUMBLE Consortium 

 

7. Conclusion 
 

Data analysis for this study is still ongoing on 28/05/2021. However, we can already make 

the following conclusions and recommendations: 

1) Low sonic booms are more disturbing and unpleasant when people are trying to rest 

than when they are focusing on a task. Future studies should investigate the impact of 

booms on resting activities such as passively watching TV or listening to music. It is also 

very important that future studies investigate whether and how low sonic booms disturb 

sleep. 

2) Future studies should focus on the fatigue and the stress caused by the booms. 

Physiological measures of stress, for example based on heart rate variability, could be 

useful. 

3) More indoor studies in ecological setups are needed to clarify and quantify the 

respective contributions of boom and rattle on the different perceptual descriptors used 

in urban noise research, in various contexts, while varying independently the rattle and 

the boom levels.  

4) Similarly, a higher level makes the booms more disturbing and unpleasant, but does 

not seem to necessarily lead to worse task performance than a lower boom level. 

5) Low sonic booms can impair cognitive performance (attention, working memory and 

communication efficiency) as well as motor performance, even at dBA levels no louder 

than the level of a conversation in a quiet environment. 

6) Current state-of-the-art questionnaires on noise sensitivity, including traffic noise 

sensitivity, are not predictive of human responses to low sonic booms. More research is 

needed on that front. 
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These conclusions lead us to formulate five recommendations: 

1) include, in future community surveys, measurements of boom exposure during time 

periods favourable to rest, selected according to local habits; 

2) systematically investigate the effects of the boom characteristics in terms of level and 

rattle noise, on annoyance and unpleasantness; 

3) address the issue of a possible effect of chronic boom exposure on children cognitive 

and psychomotor development; 

4) clarify the potential impact of low sonic booms on motor control in potentially 

hazardous daily-life situations (such as cooking, handiwork, driving); 

5) take into account the specificity of sonic booms being impulsive noises when putting 

together noise sensitivity questionnaires in future investigations.  
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8. Appendix 1: boom and acceleration levels 
This appendix collects the values of boom levels (Tables A.1 and A.2) and acceleration 

(Table A.3) in various metrics and measurement points.  

Signal Peak 
overpre
ssure 
(Pa) 

Frequ
ency 
peak 
(Hz) 

ASEL BSEL CSEL DSEL ESEL PL ISBAP 

1 19.2 5.0 55.1 72.6 90.1 77.8 67.1 68.9 83.6 
1 (W3) 19.5 7.0 56.0 74.7 90.9 78.6 69.3 75.7 89.6 

2 19.4 7.5 61.7 76.2 91.2 79.0 71.6 76.2 88.6 
2 (W3) 19.8 6.5 61.9 77.8 92.4 80.1 72.9 78.9 91.8 

3 25.0 4.0 69.3 83.1 95.9 83.8 78.5 85.3 96.5 
3 (W3) 23.6 3.0 69.2 83.2 95.7 83.7 78.6 85.8 96.9 

4 23.8 4.5 74.3 85.5 94.1 85.2 82.5 86.7 95.0 
4 (W3) 24.3 4.0 74.5 85.4 94.6 85.2 82.1 87.4 96.2 

5 23.9 4.5 78.8 88.8 97.1 88.4 86.1 91.7 99.4 
5 (W3) 23.9 5.5 78.4 89.2 97.7 88.8 86.2 92.2 100.3 

6 17.3 7.0 62.2 79.7 93.1 80.8 74.2 77.7 90.7 

6 (F3) 12.3 7.5 63.2 79.7 92.0 80.1 74.5 81.5 93.4 

7 18.4 7.0 75.1 86.1 95.0 85.6 83.0 88.4 96.7 

7 (F3) 14.9 7.5 75.0 85.6 94.6 85.2 82.6 89.2 97.5 

 

 

Table A.1 – Physical parameters and sound levels in various metrics of selected boom signals 1 to 

7. For each signal, first line is for target signals, other lines for measured signals with microphone 
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position in parenthesis. For signals 6 and 7, measurement at door frame F3 is with only simulator 

in bedroom 3 in operation. 

 
 

Signal Peak 
overpr
essure 
(Pa) 

Freque
ncy 
peak 
(Hz) 

ASEL BSEL CSEL DSEL ESEL PL ISBAP 

6 (A) 15.2 4.5 62.0 77.9 91.3 79.8 73.0 78.9 91.2 

6 (B) 16.1 4.5 59.6 77.5 92.7 80.3 71.8 77.1 91.0 

7 (A) 16.2 4.5 69.6 82.3 92.9 82.6 78.5 85.7 95.5 

7 (B) 17.1 4.5 66.8 80.4 93.9 82.0 76.0 82.7 94.1 

6 (AR) 13.4 4.5 63.1 79.3 92.4 80.3 74.0 80.6 92.9 

6 (BR) 13.3 4.5 62.1 78.2 92.5 80.0 72.7 79.7 92.5 

7 (AR) 14.8 4.5 69.5 82.8 93.8 82.8 78.6 85.9 96.0 

7 (BR) 14.3 4.5 67.6 80.9 93.6 81.7 76.5 83.6 94.5 

6 (C) 15.1 4.5 62.2 71.7 90.1 78.9 69.1 78.5 90.2 

6 (D) 16.0 4.5 63.1 75.6 91.6 80.0 71.3 79.9 91.9 

7 (C) 15.3 4.5 64.7 74.7 90.8 79.7 71.9 80.5 91.5 

7 (D) 16.2 4.5 64.7 77.3 92.4 80.8 73.1 81.4 93.0 

 
 
 
Table A.2 – Physical parameters and sound levels in various metrics of selected boom 
signals 6 and 7 measured in living room (positions A and B) and kitchen (positions C and 
D) with both simulators in operation. AR (resp. BR) indicates measurement in living room 
at positions A (rest. B) with opened kitchen door. 
  



  
D3.4 -  Indoor perception of outdoor booms 

Version 04 

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.  110 
 

©Copyright - RUMBLE Consortium 

  

Peak 
acceleration 

(m/s2) 
 
 
Signal 

Kitchen door 
(frame) 

Kitchen door 
(glass panel) 

Living room 
window (frame) 

Living room 
window (glass 

panel) 

1 47 27 5.3 3.9 

2 40 28 8.0 4.4 

3 39 28 6.2 3.9 

4 63 33 7.7 3.7 

5 71 38 5.4 4.2 

6 54 33 2.5 8.6 

7 57 34 13 9.5 

 
 
 
Table A.3 – Peak acceleration measured at two positions of kitchen door to garden and 
living room window, for booms #1 to 7 all played with both simulators in operation and 
inside doors open.   
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9. Appendix 2: approval by ethics committee 
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10.  Appendix 3: information letter 
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11.  Appendix 4: consent forms 
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12.  Appendix 5: End-of-session questionnaire 
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