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Abstract — This study aimed to quantify, in situations representative of the daily life of European citizens, the
effects of sonic boom exposure on human responses, in the case of a new generation of supersonic commercial
aircraft that should emit a reduced (compared to the past generation like Concorde) but perceivable boom
while flying overland. Two reduced boom simulators were affixed to the bedrooms’ windows of a house located
on our university campus. The simulators were used to study indoor the participants’ responses to realistic
“outdoor” booms. Testing took place in both the living room and kitchen because the booms caused different
intensities of rattle noise in those two rooms. Participants performed various tasks (communication, working
memory, drawing, valence evaluation), took three mandatory rests and filled in various questionnaires about
the annoyance caused by the booms and their mood. This paper focuses on the psychophysical and cognitive
performance results. The booms resulted in delayed responses in the working memory task and in the valence
evaluation task, and in a momentary slowing down in the drawing task. There was no significant effect in the
communication task, even though a trend for a worsening of communication efficiency was observed. Taken
together, the results suggest that reduced booms can interfere with cognitive and motor tasks by capturing
attention, which can momentarily divert cognitive resources away from the task at hand. These results suggest

future research directions and may lead to recommendations for future sonic boom regulations.

Keywords: Sonic boom, Noise exposure, Human response

1 Introduction

Sonic boom is one of the main barriers to the renewal of
civil supersonic aviation. Following pioneering theoretical
works [1-3] based on fundamental Whitham’s theory of
sonic boom [4], a lot of progress has been achieved in the
design of supersonic aircraft to significantly reduce sonic
boom noise level at the ground but so far, no such low-boom
aircraft exists. The Lockheed Martin X-59 Quiet Supersonic
Technology demonstrator has been designed to reach a
ground boom Perceived Level [5] of 75 PLdB in standard
atmosphere [6]. (Note that PL is a sound level metric based
on equal-sone contours. It has been pre-selected by the
International Aviation Civil Organization as one of six
potential best metrics for quantifying human subjective
response to sonic boom noise based on a meta-analysis [7]
of several perception studies.) The X-59 demonstrator is
currently undergoing ground tests before its first flight
planned in 2024. It will validate technologies for reducing
sonic boom loudness and gather data on human responses

to low-boom exposure through community
(currently planned for late 2024).

In the meantime, quantitative data on the influence of
reduced booms on humans in controlled environments is
needed in the view to establish a regulation on sonic boom
and satisfy ICAO (International Civil Aviation Organisa-
tion) General Assembly resolution A33-7 that no unaccept-
able situation for the public is created by sonic boom from
supersonic aircraft in commercial service. They will provide
useful insight as well for the future community surveys,
which will have the advantage to be conducted in “real life”
but will lack details about the precise sound exposure and
human response to it.

The causes of annoyance of a conventional boom are
now quite well understood, following several community
surveys [8-11] including low amplitude booms from dive
manoeuvres [12, 13|, laboratory studies [14] and in-home
studies [15]. The main factors identified to influence human
response to sonic boom are startle, house shaking, rattle
noise and damage concerns (see for reviews: [16-18]).
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In a 1993 study (published in [15]), with a low number
of loudspeakers and a limited bandwidth leading to a sound
reproduction far from a sonic boom shape, results indicated
an increase of annoyance with the boom level, with the
number of occurrences, with the age of participants, in case
of boom-related startle, and when participants were sleep-
ing or resting. A decrease of annoyance was reported when
participants engaged in communication activities. More
recently, using a large size simulator designed for studying
indoor boom at NASA Langley Research Center, a notional
model has been proposed to incorporate increased annoy-
ance due to rattle, enlarging for a given outdoor boom level
its indoor variation due to structural transmission [19]. The
penalty can be typically up to 10 PLdB. Floor vibrations
transmitted through a chair have similarly been evaluated
as a typical 5 PLdB penalty [20].

To our knowledge, all these past studies on human
response to sonic booms have focused on sensation and sub-
jective responses such as ratings of loudness and annoyance
[17]. 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 dedicated
to Low Booms had participants solely focused on self-eval-
uating the booms’ subjective characteristics (i.e., annoy-
ance: [20-22]).

This motivated the present study, which aimed at inves-
tigating the influence of reduced sonic booms on humans in
the context of experimental activities inspired by daily
indoor life (professional and recreational activities) and in
a natural environment (typical of a European house), allow-
ing simultaneously the so-called ecologically valid condi-
tions [23, 24] and a high control of the noise exposure. A
large effort was put into designing the boom simulators to
allow the insonification of a large living room in a real house
[25] and into making the experimental activities as closely
related as possible to daily indoor activities, while being
controlled and entertaining. 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.

We included a motor control task to test whether the
booms would make participants startle, even slightly. Par-
ticipants were asked to draw spirals at a quick pace. Our
aim was to check whether the booms would cause irregular-
ities or swerves in their drawing. The idea of using spiral
drawing to investigate motor control and its potential dis-
ruption came from the spiral drawing test developed by
Pullman [26] to measure motor dysfunctions in patients
with movement disorders.

We included a working-memory task because the detri-
mental effect of noise on working memory is well docu-
mented [27, 28]. We chose the 2-back design, which
requires the acquisition and retention of rapidly, continu-
ously changing information [29], and is one of the most pop-
ular experimental paradigms for assessing working memory
[30]. To test whether the booms could disrupt the conveying
of information, we included as well a task in which conver-
sation is involved. We adapted a task called the Diapix,
originally developed by van Engen et al. [31], in which

two people are recorded while conversing to solve a “spot
the difference” task. Finally, we sought to investigate the
valence evaluation of the booms objectively, i.e. not by
using questionnaires to collect subjective evaluations of
the booms but by using the affective priming paradigm —
also called “evaluative” priming paradigm [32-35] — to test
whether participants automatically assigned a negative
valence to the booms.

In addition to the tasks just described, we administered
questionnaires to collect subjective evaluations of the
booms and monitor the participants’ mood at different
times, including before and after rest periods. Participants
had also to fill a questionnaire on their general sensitivity
and attitude to noise (with a focus on traffic noise). The
analysis of these questionnaires’ answers are addressed in
a companion paper [36].

The overall experimental design is presented in Sec-
tion 2. Then the four psychophysical and cognitive tasks
are detailed in Sections 3-6, each section presenting the pro-
cedure, the data analysis, the results and a related discus-
sion. Discussion continues in Section 7, then Section 8
presents our conclusions.

2 Experimental session design
2.1 Testing environment

The testing environment was the ground floor of a
three-story house located on the campus of Sorbonne
University that is located in St. Cyr, west of Paris. Sonic
boom presentation in the house was made possible by build-
ing two sonic boom simulators and affixing them to the out-
side of window frames giving into two bedrooms located on
opposite sides of the house. A visual summary is provided in
Figure 1 while more details about the house and the simu-
lators can be found in [25].

The study took place in both the living room and the
kitchen. There was a loosely fixed glass door in the kitchen
that tended to rattle strongly. Testing in both rooms thus
allowed us to vary the degree of rattle: we had a Kitchen
condition with strong rattle and a Living Room condition
with light rattle. To further manipulate rattle, we did some
of the testing in the living room with the door between
the living room and the kitchen closed and the entrance
door half-opened: this made inaudible the rattle from the
kitchen’s glass door and suppressed the living room rattle
produced by the movements of the bolts against the strike
of the entrance door’s lock. This third room condition had
almost no rattle and is referred to hereafter as the no rattle
condition. However, it was only used for tasks which are not
the topic of this paper (see Fig. 2 and the companion paper)
and will thus not be described further. Both the living room
and the kitchen had daylight, which we deemed essential for
ecological validity. Participants attended the study in a sin-
gle afternoon session lasting about four hours, between
2 pm and 6 pm, in mid-September to late October 2020:
thus, most of the testing occurred with daylight. Partici-
pants were tested in pairs (two at a time) as requested by
the communication task. Participants had to move between



F. Marmel et al.: Acta Acustica 2024, 8, 1 3

simulator
daylight
7N i
Bedroom 3
®
ﬁ-’;l Living
@ room
Bedroom 2
B]
Bedroom 1 entrance
door
simulator

daylight

|

Kitchen

i
©® &
®

rattling glass
ey 4« door
-~ =l N ylight

Bathroom

Figure 1. Map of the ground floor of the house, illustrating notably the position of the two simulators outside bedroom 1 and 3, and
the testing positions (A-D, red circles) for the two participants (in blue and green, respectively) in the Living Room condition
(positions A and B) and in the Kitchen condition (positions C and D).

the living room and the kitchen during the experimental
session. For every pair, one participant was assigned to
positions A and C (Fig. 1: living room and kitchen, respec-
tively) and the other one was assigned to positions B and D
(Fig. 1: living room and kitchen, respectively). Participants
had three mandatory rest periods during the experimental
session during which they were asked to have a short nap
by lying down, in the living room, in either a reclining chair
(position A) or a sofa (position B).

2.2 Stimuli and boom levels

We chose to put the participants in the situation of
being exposed to reduced booms perceived indoor in a house
with wide open windows. The boom signals were designed
to have the characteristics of outdoor booms being heard
inside the bedrooms 1 and 3 [25], and the open-door frames
between these bedrooms and the living room acted as
virtual open windows, exposing participants in the living
room and in the kitchen to booms acoustically transformed
by the acoustics of the living room and the kitchen (“indoor”
booms). Using the bedrooms’ door frames as open windows
had several advantages. First, it removed the influence of
differences between window glazing, which is important
because it has been shown that sonic booms are mostly
transmitted indoors through windows [37]. In our house,
40-cm  thick concrete walls made boom transmission
through walls negligible. Second, it focused on the worst-
case scenario, with the highest indoor boom level. Third,
it was realistic, especially for Europe, where air conditioning

is infrequent in private housing and where people frequently
live with open windows, especially in summer. For instance,
it is estimated that between 50% and 75% of European
people sleep with windows at least slightly opened [38].

Two boom signals of different levels were synthesised for
the study to test participants in a so-called Low Boom
condition and in a so-called High Boom condition. Some
of the testing was also carried in a No Boom condition,
without any booms presented. While full details regarding
the boom simulators and how the booms were generated
are provided in [25], the essential information about the
two signals that were used is provided hereafter. They were
N-waves with a peak overpressure just below 20 Pa at the
simulator’s output. Their rise time was adjusted to reach
the two following target “outdoor” boom levels when mea-
sured at the virtual windows (the bedroom door frames)
when only one simulator was working: 62 dBA (or 78 PLdB)
for the “outdoor” Low Boom signal, and 75 dBA (or
88.4 PLdB) for the “outdoor” High Boom signal.

The boom levels recorded at participants’ positions
(A-D) were different from the target “outdoor” boom levels
because: (1) the door between the living room and the
kitchen was open (which tended to decrease the boom level),
(2) the two simulators were operated simultaneously, which
was needed to compensate (at least partly) the increased
insonified volume and reach the desired levels (see [25]),
(3) testing was carried in both the living room (where direct
exposure tended to increase the boom level) and in the
kitchen (where indirect exposure tended to decrease the
boom level), (4) rattle noise superimposed (the lighter rattle



4 F. Marmel et al.: Acta Acustica 2024, 8, 1

Consent

Information &

Evaluative

Sound Rating

Living Room with no rattle,
Living Room,

A4

& Kitchen

Loudness
comparison

N

Living Room

Living Room

- E m o EE o E E O E W OEOE O OEm O Emom oo,

L EELELELEERLELELERN

N N . ! N S s

7 N 7 N W ! 7 \\ 7/ \\ 1
7 High N A N * .7 Low °~ 7 High >\ !
N Boom pid \\Sounds//

N 7 N 7

N7 N7

Kitchen

Living Room with no rattle,

& Kitchen

Y

End-of-session
questionnaire

Figure 2. 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-
randomisation purposes, the psychophysical tasks were organised in three groups, delimited by the three dashed opening square
brackets, and within these groups the tasks were organised by boom condition. The grouping constrained the pseudo-randomised
orders that could be generated. The room condition(s) in which each activity was done are displayed in italics.

from the living room window and entrance door superim-
posed with the stronger rattle from the kitchen glass door),
(5) even in the same room and for the same boom condition,
the boom level varied between the two participants’ posi-
tions, (6) boom levels and variations were dependent on
the selected metric, (7) there was attenuation between the
so called “source” position and the participants’ positions,
in the living room and even more in the kitchen. Table 1
compiles the boom levels (ASEL and PL metrics), for every

testing position in the living room and in the kitchen (A-D),
for both the Low Boom and High Boom conditions. The
shapes of the signals at the different positions and for the dif-
ferent conditions are provided in Appendix A, along with
their frequency spectrum. Note also that the “No Boom” con-
dition is not an absolute “No noise” condition: because we do
not work here in an ideal laboratory environment, there is
some variable ambient noise. However, the level of this noise
is always small, around 20 dB above 100 Hz. In the
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Table 1. Sound levels in dBA (ASEL metric) and PLdB (PL
metric) for the boom signals in all experimental conditions.

Boom signal condition ASEL PL
Living Room — Low Boom — position A 63.1 80.6
Living Room — Low Boom — position B 62.1 79.7
Living Room — High Boom — position A 69.5 85.9
Living Room — High Boom — position B 67.6 83.6
Kitchen — Low Boom — position C 62.2 78.5
Kitchen — Low Boom — position D 63.1 79.9
Kitchen — High Boom — position C 64.7 80.5
Kitchen — High Boom — position D 64.7 81.4

infrasonic and low audible range, it can be higher but any-
way much smaller than the boom level. This is discussed
in detail in Cretagne et al. [25], especially in Figure 2 and
its discussion.

2.3 Participants

The study was completed by 41 participants (10 male,
31 female) aged 18-69 years (18-30 years: 18, 31-45 years:
14, 4660 years: 7, 61-70 years: 2). These demographic data
are discussed in Section 7.

Participants were grouped and tested in pairs because
the communication task required having two participants
at the same time. There was one exception: one participant
was tested on its own, and was not tested on the communi-
cation task, because the planned paired participant did not
show up. Participants were compensated for their time (gift
card of value 120 €). All data were anonymised to comply
with European Rules for Personal Data Protection. The
study was approved by the Sorbonne Université ethics com-
mittee (n° CER 2020 — 4).

2.4 General procedure

The study consisted of one experimental session lasting
between four and four and a half hours. The full course of
the experiment is illustrated in Figure 2.

Before starting the experimental activities, we first
explained the study to the participants and we presented
them the two boom signals once (in the living room), to
check whether they felt comfortable listening to these
sounds (they all did). We then asked them to sign an
informed consent to participate, and a consent for recording
their voice during the communication task. The experimen-
tal activities included four psychophysical and cognitive
tasks, three rest periods during which participants were
asked to nap, as well as questionnaires monitoring partici-
pants’ mood, questionnaires collecting their perceptual eval-
uations of the booms in the context of experimental
activities and in themselves, and a questionnaire on partici-
pants’ general sensitivity and attitude to noise (with a focus
on traffic noise). While the rest periods and the question-
naires are addressed in [36], this paper focuses on the four
tasks.

The motor control task consisted in drawing spirals and
is described in detail in Section 3.1. The working-memory
task was a 2-back task [29] with playing cards, described
in Section 4.1. Both tasks were performed in the living room
and the kitchen, in five separate runs corresponding to the
five following conditions: Living Room — No Boom, Living
Room — Low Boom, Living Room — High Boom, Kitchen
— Low Boom, and Kitchen — High Boom.

The communication task was adapted from the
DiapixUK [39] and involved descriptions of images to spot
differences (see the full description in Sect. 5.1). It was
performed in the living room only, in three separate runs
corresponding to the three following conditions: Living
Room — No Boom, Living Room — Low Boom, and Living
Room — High Boom.

The valence evaluation task was a cross-modal evalua-
tive priming task [35] and is described in Section 6.1. It
was performed in the living room only and had the two
boom levels mixed in the same run.

The order of the runs was pseudo-randomised across
tasks so that participants would alternate between different
tasks to avoid boring and discouraging them. Pseudo-
randomisation was chosen over full randomisation to min-
imise back-and-forth moves between the living room and
the kitchen: participants did either all the living room tasks
and conditions first and all the kitchen tasks and conditions
second, or the reverse.

2.5 Apparatus

The apparatus used for booms generation and presenta-
tion is described in the technical paper [25]. All experimen-
tal tasks were performed on two laptops (moved when
needed between the living room and the kitchen) and were
implemented with the Python experimental software
PsychoPy [40], except for the motor control task that was
implemented in Movalyzer (Neuroscript LLC, Tempe,
AZ, USA) using a Wacom stylus and digitizer (Wacom
Co., Ltd., Kazo, Japan). The triggering of the booms was
controlled from a desktop computer in the living room by
the experimenter, by running the same experimental scripts
as on the two laptops (except during the valence evaluation
task, see Sect. 6.1). The experimenters launched the exper-
imental activities on the participants’ laptops and the desk-
top computer by pressing keys simultaneously on the
desktop’s keyboard and on two Bluetooth keyboards con-
nected to the laptops. The clocks of the three computers
were synchronised at the beginning of each session.

3 Motor control task

3.1 Procedure

We used the spiral drawing test developed by Pullman
[26] to measure motor dysfunctions in patients with
movement disorders. Participants were asked to draw six
spirals in 25 s, a time interval during which one boom
was presented randomly. Participants were instructed to
try to draw the six spirals while keeping them as regular



6 F. Marmel et al.: Acta Acustica 2024, 8, 1

Gt

®, |
O% Og |

Figure 3. Example of a 25-s trial. In this example, the participant managed to complete five of the six spirals. The participant had to
draw each spiral counter clockwise, starting from the centre yellow circle. Participants had to start with the top-left spiral and move in
a clockwise order, hence the last spiral 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 the next section.

as possible. They had to draw the spirals passing through
circles displayed on the computer screen, to get similarly
sized spirals from all participants. One 25-s interval consti-
tuted 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 swerves more
likely. To illustrate the task, Figure 3 displays one trial from
one participant. Participants completed six trials separated
by 5-s breaks, hence the total duration for one run of the
task was 2 min 55 s. To vary the task and maintain partic-
ipants’ interest, spirals had to be drawn counter clockwise
in the first three trials and clockwise in the last three trials.
The pen input (z and y coordinates, and axial pressure) was
recorded (at a 133-Hz sampling rate).

3.2 Data analysis

In a first analysis, we counted the number of spirals 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.
As participants had to draw the spirals passing through
circles displayed on the computer screen, we were able to
include incomplete spirals in our count by counting the num-
ber of circles passed through, and thus the number of spirals
is not necessarily an integer. The number of spirals for the
six trials of a run were averaged together. It was counted
in the No Boom condition and then compared to the four
other conditions with Bonferroni-corrected paired #tests.
Due to technical problems, the drawing data were not col-
lected for two participants (2 males, aged 41 and 65 years),
hence this analysis was performed on 39 participants.

In a second analysis, we divided the drawing space into
six equal drawing zones, each including one of the six
spirals, as illustrated by the dotted lines on Figure 3. We
used the pen input data to calculate, for each trial, the time

spent on the zone during which the boom had been pre-
sented (called zone #0) and compared this time to the time
spent on the zones that immediately preceded (called zone
#—1) and immediately followed (called zone #1). For the
statistical analysis, we transformed participants’ individual
response times to zscores, to minimise between-participant
variability, by subtracting the mean of the participant’s
response times from each individual response time and by
dividing by the standard deviation. We then averaged
together the times spent on non-boom zones (zone #—1
and zone #1) and compared them to the times spent on
the boom zone by performing a three-way ART ANOVA
[41] with the zone numbers (#0/mean of #—1 and #1),
the room conditions (Living Room/Kitchen) and the boom
conditions (Low Boom/High Boom) as independent vari-
ables. For significant effects, we calculated the standardised
mean differences to measure effect sizes (ds: [42]).

Due to technical problems, we failed to record the boom
onset time for one or two conditions for 10 participants. This
data loss added to the 2 participants lost for the first
analysis. Hence, the data set for the second analysis included
29 participants (4 male/25 female, aged 18-56 years
[18-30 years: 15, 31-45 years: 8, 46-60 years: 6]). Not every
participant had both a zone #—1 and a zone #1 because
participants drew at different speeds and because the timing
of the boom presentation was randomised.

3.3 Results

The first analysis, on the number of spirals drawn, did
not show any statistical differences between any of the four
conditions with booms and the No Boom condition. The
means and 95% confidence intervals for the five conditions
were indeed very similar: 4.65 + 0.31 (No Boom),
4.68 £ 0.30 (Living Room, Low Boom), 4.54 + 0.29
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brackets at the bottom of each bar. Error bars represent standard errors of the mean. We chose to plot the times in seconds for better

readability, but the statistical tests were carried on the zscores.

(Living Room, High Boom), 4.67 + 0.28 (Kitchen, Low
Boom), and 4.67 £ 0.31 (Kitchen, High Boom).

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 zone numbers
[F(1, 196) = 5.16; p < 0.05; d, = 0.34]: 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 four conditions in which
booms were presented (between 1.9% and 6.3% depending
on the condition, when averaged across participants;
Fig. 4). No other statistical effects were observed.

3.4 Discussion

The main takeaway from this task is that reduced sonic
booms can negatively influence performance in a motor con-
trol (drawing) task, as we observed that participants spent
more time on zone #0 than on zone #—1 and zone #1.
Performance was disturbed for all four conditions in which
booms were presented. Neither the change in boom level nor
the presence of rattle (in the kitchen) significantly modu-
lated the effect of the booms. To investigate further the
effect of the rattle, we took advantage of the fact that the
rattle noise was louder at position D (next to the kitchen
glass door: see Fig. 1) than at position C and compared
the boom disturbance in the kitchen between participants
seated at these two positions. Being seated at position D
did not result in greater boom disturbance, which suggests
that rattle per se was not the dominant factor in boom dis-
turbance. However, the respective influence of sound level

and rattle level need to be clarified in future research: in
our study, rattle and level could not be manipulated inde-
pendently (a higher boom level caused more rattle), which
limits the conclusions that can be drawn from our data.
Future research should also investigate which psychophysi-
cal processes may be affected by reduced booms. In the
present study, the greater times spent on zone #0 may
not necessarily reflect an effect on motor control; they could
instead reflect an effect on motor planning. We tried and
failed to detect boom-triggered momentary irregularities
or swerves in the participants’ drawings (using the recorded
pen coordinates to calculate the acceleration, the jerk, and
the pressure variation as a function of time). This suggests
that the reduced booms might not have caused participants
to momentarily lose control of the pen, but rather might
have made them hesitate as to what or where to draw next.
In other words, the reduced booms might have disturbed
participants’ cognitive control rather than their motor
control.

4 Working-memory task

4.1 Procedure

Participants performed a standard “2-back” task (see
[43] for a review), using playing cards as items to make
the task a bit more entertaining. Twenty playing cards were
displayed one after another at the centre of a computer
screen, for 1.5 s each, and participants had to constantly
compare the card on display to the penultimate card
displayed, and judge whether it was the same or not.
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Although participants were asked to memorise and com-
pare the cards, the suits were 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 too difficult
task. 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 randomised
with the constraint that they should be split equally
between the first 10 cards and the last 10 cards of a series.
One boom was presented randomly between the 8th and
the 14th card of each 20-card series. Six series were pre-
sented per experimental condition, with a 30-s break
between series. Hence, the total duration for one run of
the task was 5 min. Percentages of correct responses and
response times were collected.

4.2 Data analysis

One participant (1 female, 46 years) did not use the
instructed response keys, hence only 40 participants were
included in the data analysis. For two of those 40 partici-
pants, 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 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
from one condition were averaged together. Mean perfor-
mance on card #0 and the following card (card #1) 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. For the statistical
analyses, we first transformed participants’ individual
response times to zscores to minimise between-participant
variability, using the grand mean and standard deviation of
a participant’s responses in all five conditions. We then per-
formed a three-way ART ANOVA, using as independent
variables: the card position in time relative to the boom
(mean of card #0 and card #1/mean of cards #—4 to
#—1), the room conditions (Living Room/Kitchen), and
the boom conditions (Low Boom/High Boom). For signifi-
cant effects, we calculated the standardised mean differ-
ences to measure effect sizes (d: [42]).

4.3 Results

Performance, as indexed by percentages of correct
responses, was good: the mean percentage of correct
responses, when averaged across all participants and condi-
tions, 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. The means and 95% confidence intervals were
very similar for the five conditions: 88.41 + 3.49 (No Boom),
85.65 + 4.03 (Living Room, Low Boom), 82.93 + 4.65
(Living Room, High Boom), 88.28 + 3.42 (Kitchen, Low
Boom), and 90.11 + 3.27 (Kitchen, High Boom).

However, the correct 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 5, which shows
the correct response times as a function of the card number
for the four conditions in which booms were presented.
We observed a main effect of the card position relative to
the boom [F(1, 273) = 4.91; p < 0.05; d, = 0.28], a main
effect of the boom condition [F(1, 273) = 4.21; p < 0.05;
d, = 0.22], and a main effect of the room condition
[F(1,273) = 8.31; p < 0.01; d, = 0.28]. There were no signif-
icant interaction effects. The three main effects reflect,
respectively, longer correct response times for cards #0
and #1 than for the four cards preceding the boom, longer
correct response times in the Low Boom condition than in
the High Boom condition, and longer correct response times
in the Living Room condition than in the Kitchen condition.

4.4 Discussion

The main takeaway from this task is that reduced 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 presenta-
tion. We did not, however, observe longer response times for
card #2, which indicates that the booms did not prevent the
memorisation of card #0 but rather disturbed memory pro-
cesses related to the maintenance in memory of card #—2
and card #—1 and/or processes related to the comparison
of cards #—2 and #—1 to cards #0 and #1. The boom-
triggered increase in response times was more visible for
the two Low Booms conditions than for the two High Booms
conditions (Fig. 5, even though the interaction between the
card position relative to the boom and the boom condition
was not significant). In addition, the Kitchen — High Boom
condition differed notably from the other conditions in that
participants responded quicker in that condition, irrespec-
tive of the relative card position. To try to gain more insight
on the differences between conditions, we plotted results for
the four participants’ positions (A-D, see Fig. 1) separately.
Figure 6 plots the zscores conversions of correct response
times averaged over the four cards preceding a boom: it
reveals that responses were the fastest for participants
seated in position D, in both the High Boom and the Low
Boom conditions, and for participants seated in position
C, in the High Boom condition only. This points to an effect
of the rattle noise from the kitchen glass door on partici-
pants’ performance independently of the booms: partici-
pants were better (quicker correct responses) when sitting
next to the rattling kitchen door (position D) for the two
boom level conditions, and also when sitting in the kitchen
but a bit farther from the rattling door (position C) in the
High Boom condition (which would have been triggered a
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Figure 6. Correct response times converted to z-scores, split by
participants’ seating positions.

slightly louder rattle noise than the Low Boom condition).
Differences in boom levels in the quasi absence of rattle noise
(positions A and B) did not result in similar performance
enhancements as the average zscores on Figure 6 are similar
for the A and B positions in both the Low Boom and High
Boom conditions, even though the ASEL level difference
between Low Booms and High Booms was twice as large
in the living room as the level difference in the kitchen

(=56 dBA vs. ~2-3 dBA). The rattle noise in the kitchen
made the booms perceptually more salient and potentially
more distracting, especially in position D. Our hypothesis
was that the stronger distraction would result in lower
performance in the kitchen than in the living room, which
is the opposite of what we observed. However, it is not
uncommon in experimental psychology to observe an
inverted U-shape relationship between task difficulty and
task performance [44]. It is conceivable that the exposure
to more salient distractors in the kitchen might have led
to enhanced cognitive mobilisation, thus resulting in better
performance. Participants knew beforehand that the rattle
was stronger in the kitchen because they had already heard
the booms at the same positions at the beginning of the
experimental session (during the evaluative sound rating
task, see Fig. 2). Greater cognitive mobilisation might also
have led to a better attentional suppression of the distrac-
tors, or in other words to a smaller effect of the booms.

5 Communication task
5.1 Procedure

We translated to French a subset of the picture materi-
als from the DiapixUK version of the task, developed by
Baker and Hazan [39]. The DiapixUK material consists
of pairs of pictures, drawn in a “cartoon” style. The two
pictures of a pair are identical except for 12 differences.
Two participants are each given one of two pictures of a
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Participant A

Participant B

Figure 7. One of the four pairs of pictures used in the communication task.

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 practice and three experimental pairs, one for each
boom condition (No Boom, Low Boom and High Boom).
Figure 7 displays one of the pairs used in the experiment
(the four total pairs are available on https://zenodo.
org/communities/diapix). The three experimental pairs
were allocated to the boom conditions randomly. Partici-
pants had 5 min to find the 12 differences. For the Low
Boom and High Boom conditions, booms were presented
randomly, with an average interval of 40 s between two
successive booms. For practical reasons, this task was only
conducted in the living room (with the kitchen door opened
and the living room entrance door closed, hence with rattle).

5.2 Data analysis

For each pair of participants (N = 20) and each applica-
ble 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 all of them (or
5 min if the participants had not found all 12 differences).
Communication efficiency was not normally distributed in
the No Boom condition, so we performed a one-way ART
ANOVA [41] with the boom condition as the independent
variable.

5.3 Results

Communication efficiency, averaged across the 20 pairs
of participants, is plotted in Figure 8. Visually, communica-
tion efficiency seemed greater in the No Boom condition
than in the Low Boom condition but was similar in the
No Boom and in 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. Fourteen out of
20 pairs of participants had greater communication effi-
ciency in the No Boom condition than in the Low Boom

W
o

N
(9]

N
o

=
o

Communication Efficiency
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No Boom Low Boom High Boom

Figure 8. Communication efficiency (number of differences
found divided by time spent on the task) during the three
conditions of the communication task, averaged across partic-
ipants. Error bars represent standard errors of the mean.

condition, but only 10 out of 20 pairs had greater commu-
nication efficiency in the No Boom than in the High Boom
condition.

5.4 Discussion

The interpretation of the communication task is limited
by the fact that, because participants were tested by pairs,
we had less statistical power than for the other tasks
(sample size = 20 pairs). Tasks performed in pairs maximise
participants’ engagement, which is useful in long experi-
mental sessions, but future studies should investigate poten-
tial effects of reduced booms on individual communication
performance. In the present study, the Low Booms, but
not the High Booms, decreased communication efficiency.
Performance being affected by Low Booms but not by
High Booms is reminiscent of the results for the work-
ing memory task. Thus, similarly, we hypothesise that
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cognitive mobilisation might have been greater in the High
Boom condition. This is consistent with the questionnaire
ratings for the task concentration question [36], which were
higher for the High Boom than for the Low Boom. Perfor-
mance being affected by Low Booms but not by High
Booms contrasts with the results for the motor control task
(Sect. 3.1), but this is not inconsistent with the cognitive
mobilisation hypothesis because the motor control task
was not a cognitive task and should have mobilised much
less cognitive effort.

6 Valence evaluation task

6.1 Procedure

Participants performed a cross-modal evaluative prim-
ing task [33-35]. In an evaluative priming task, participants
must categorise target items, as quickly and as accurately as
possible, according to their valence (positive or negative).
Each target is preceded by a prime item whose valence is
either congruent with the target’s valence or not. The
expected results are that congruent targets should be cate-
gorised better and faster than incongruent targets. This
congruence effect, called a “priming” effect, suggests that
the valence of the prime has been evaluated automatically
(i.e., without the participants’ awareness since it is not
needed to do the task and they are typically instructed to
not pay attention to the primes), and that the automatic
valence evaluation of the primes interferes with the subse-
quent valence evaluation of the targets. With this task,
we sought to test whether the valence of the reduced booms
is automatically evaluated and interferes with the valence
evaluation of target words.

Most studies using the evaluative priming task have
focused on the visual modality. However, a cross-modal ver-
sion of the evaluative priming task using auditory primes
has been investigated by Scherer and Larsen [35], using as
primes unpleasant and pleasant sounds taken from the
International Affective Digitized Sounds database (IADS-2;
[45]). The present study used a similar experimental design
as Scherer and Larsen [35] with the double aim to replicate
their finding of a cross-modal evaluative priming and extend
it to reduced booms, which are arguably unpleasant sounds.
Six positive and six negative French words were selected
from the EMA database (EMotionality base according to
Age; [46]) based on their valence norm. Eight pleasant and
unpleasant sounds were selected from the IADS-2 [45] based
on their valence norm. As priming task effects decrease as
the duration of the prime increases [35], 2-s clips were
extracted from the selected IADS-2 sounds and those clips
were used as the primes. Our two reduced booms were added
to this pool of sounds (Low Boom and High Boom). Each
possible “sound-word” pair was used once (120 trials in
total). The order of the “sound-word” pairs was pseudo-ran-
domised. 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 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 7 min 24 s or less. As the participant’s response ter-
minated the trial, the two participants of an experimental
session did not remain synchronised over the course of the
task. In order to get trials synchronised with the sounds
for both participants, we ran the task twice, once with the
sound interface system plugged to one of the participant’s
laptops, and once with the sound interface system plugged
to the other participant’s laptop. For each participant, only
the data collected when the sound interface system was
plugged into their laptop was analysed.

6.2 Data analysis

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.
Data for the four pleasant IADS-2 primes were averaged
together, as were the data for the four unpleasant IADS-2
primes. Two ART ANOVAs were conducted, one with
the CRs and one with the RTs as the dependent variable.
Both analyses used two independent within-participant
variables: the prime type (negative prime, positive prime,
Low Boom, High Boom) and the prime/target congruency.
For prime/target congruency, we treated the booms as
negative sounds, hence trials were categorised as congruent
for negative targets following negative IADS-2 primes and
booms, congruent for positive targets following positive
TADS-2 primes, incongruent for negative targets following
positive TADS-2 primes, and incongruent for positive
targets following negative TADS-2 primes and booms. As
previously, we calculated the standardised mean differences
to measure effect sizes (dg: [42]).

6.3 Results

We observed a main effect of the prime type on both the
percentages of correct responses [F(3, 280) = 11.54;
p < 0.001] and the correct response times [F(3, 280) =
9.19; p < 0.001]. As can be seen on Figure 9, the booms
elicited higher percentages of correct responses and greater
response times than the unpleasant and pleasant TADS-2
sounds. The standardised mean differences between the
two boom signals and the eight TADS-2 sounds were
d, = 0.14 for the correct responses and d, = 0.26 for the
response times. There was no priming effect: accuracy was
not better and correct responses were not faster when the
valence of the visual word targets (positive/negative)
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matched the valence of the auditory primes (pleasant/
unpleasant) than when they did not.

6.4 Discussion

Contrary to our hypothesis, we did not observe a prim-
ing effect. Instead, we observed slower but more correct
responses for targets — both positive and negative — that
were preceded by booms rather than by TADS-2 sounds.
Observing slower responses when booms were presented is
reminiscent of the slowdowns observed in the motor control
task and in the working-memory task. The literature on
automatic affective evaluation provides a hypothesis that
could help explain the slowdowns in all three tasks. Accord-
ing to the automatic vigilance hypothesis [47], negative
stimuli trigger greater engagement of attentional resources,
possibly as an adaptive behaviour meant to monitor the
environment for potential danger. If the booms triggered
automatic vigilance mechanisms, attentional resources
should be momentarily diverted away from all task-relevant
cognitive processing and focused on monitoring the environ-
ment for negative stimuli. In the motor control task, this
could mean a momentary weakening of the executive
processes of motor planning. In the working-memory task,
there would be fewer cognitive resources available to

maintain the cards in memory and compare them to previ-
ously seen cards. The case of the valence evaluation task is
different because, unlike in the other tasks, monitoring the
environment for negative stimuli was task relevant. For this
task, the greater engagement of attentional resources on
negative stimuli could have been expected to facilitate the
valence categorisation of the targets. A facilitated valence
categorisation would be expected to translate to both an
increase in accuracy and a decrease in response times.
Instead, we observed an increase in both accuracy and
response times. As hypothesised previously by Gao et al.
[33], it is possible that “people in a negative context are
more careful not to make a mistake, such that the amount
of information needed to make a decision is larger”. The
negative contexts created by the booms might have trig-
gered a shift in the participants’ decision criterion, meaning
that they would have taken the time to accumulate a bit
more evidence in favour of one of the two response alterna-
tives before making their decision.

As to why we did not observe a priming effect, several
factors may have contributed to this negative result.
Firstly, it should be noted that Scherer and Larsen found
an effect only for the unpleasant primes, not for the pleas-
ant primes. Thus, it is not surprising that we did not see
an effect for the pleasant primes. We still decided to include
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pleasant primes in our study because we also collected sub-
jective ratings of the sounds’ pleasantness and we wanted to
contrast pleasant and unpleasant sounds (reported in the
companion paper). Secondly, priming effects are stronger
when the “attitude accessibility” [48] of the primes is stron-
ger, 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 unfamil-
iar, and the other sounds had their sound quality compro-
mised by the reproduction system being designed for
boom reproduction. 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 [4§].
Scherer and Larsen [35] observed a priming effect with 1-s
extracts (and thus 1-s SOAs) of sounds from the same
sound database we used (IADS-2; [45]), but we chose to
double this time (2-s extracts and 2-s SOAs) to get more
recognisable 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 [49]. Future
investigations could try again to assess the automatic eval-
uation of low sonic booms with the priming paradigm but
using shorter priming sounds.

7 Discussion about the participants

Data collection was carried during the Covid pandemic,
between two lockdowns, and we prioritised recruitment
speed over balancing the groups for sex. We also did not
have any a priori hypothesis on sex. However, recent
literature suggests that the sex imbalance may have
impacted the results. Abbasi et al. [50] compared cognitive
performance, psychophysiological responses, and self-rated
annoyance and fatigue between male and female partici-
pants continuously exposed to fan noise and observed that
the latter were more sensitive to noise. Similarly, T6pken
and van de Par [22] pointed out that female participants
rated reduced sonic booms as more annoying and louder
than male participants. Since we tested mostly female par-
ticipants, our results might overestimate the average effects
the reduced booms could have on the general population.
With that in mind, we looked at the effects of the booms
observed in this study for the male and for the female
participants separately. For the motor control task, when
averaging across conditions, female participants (N = 25)
spent 160 ms more (participants’ average) in the zone in
which the boom appeared compared to the neighbouring
zones, whereas male participants (N = 4) spent only
73 ms more (on average). For the working memory task,
when averaging across conditions, responses for the female
participants (N = 30) were longer by 33 ms for card #0
and #1 than for the four cards preceding the boom (partic-
ipants’ average), whereas the same figure for the male
participants (N = 10) was only 17 ms. Our data is thus con-
sistent with the possibility that the effects of reduced booms

may be greater for females than for males, but we cannot be
conclusive because of the sex imbalance in our study.

8 Conclusion

Previous studies on human response investigated sub-
jective self-evaluation of boom responses such as ratings
of loudness and annoyance. The main objective of this
paper was to examine human response of participants
engaged in cognitive or psychophysical tasks while being
exposed to indoor booms. These activities were chosen to
be related as closely as possible to daily indoor activities,
while being controlled and entertaining. They were selected
from literature, but, to our knowledge, none had ever been
used in the context of boom or impulsive noise exposure.
We included a motor control task, a working-memory task,
a conversation task and an affective cognition task. Partic-
ipants’ responses to boom exposure during rest periods as
well as their answers to various questionnaires will be
addressed in a companion paper. Our results, summarised
in Appendix B, show that boom exposure increased the
time spent on executing the motor task, increased correct
response times in the working memory task and the valence
evaluation task, and decreased communication efficiency —
but in this case surprisingly only for the lowest boom levels.
All of the observed statistical effects were small effects,
according to Cohen’s guidelines for interpreting his effect
size metrics (all dy < 0.5; [42]). Effects were observed at
moderate levels (60-70 dBA or 77-86 PLdB), and a higher
boom level did not seem to necessarily result in worse task
performance in our experimental context. One partial
explanation for this is that the propagation into a building
tends to considerably reduce the differences between boom
levels when observed indoor compared to outdoor. Thus,
the 13 dB difference between the two booms at the source
(virtual window) turned into only 6-7 dB difference in
the living room and 2 dB in the kitchen. Therefore, more
indoor studies in ecological setups are needed to clarify
the boom level-dependence as well as the respective contri-
butions of boom and rattle on performance. Future
research, including community surveys, should also clarify
the potential impact of reduced booms on attention and
motor control in potentially hazardous daily-life situations
(such as cooking, handiwork, driving) or professional life sit-
uations (an operating surgeon for instance), and investigate
the long-term impact of reduced booms on cognition, nota-
bly the potential impact on school children’s cognitive
development. We did not observe any startle from the
booms in the motor control task. However, given the poten-
tially large number of people exposed to reduced sonic
booms from future aircraft and the seriousness of potential
startle in some daily-life situations, future studies should
keep investigating possible startle from reduced sonic
booms. In addition, as our data suggest that reduced booms
might affect women more than men, future studies should
specifically test for potential gender differences. Finally,
even though this study targeted mostly booms of relatively
low levels, as could be expected from future supersonic
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aircraft, further research should also investigate psy-
chophysical and cognitive performances of people exposed
to other types of impulsive noises of various levels.

Conflict of interest

Author declared no conflict of interests.

Data availability statement

The data are available from the corresponding author
on request.

Acknowledgments

The RUMBLE (acronym for “RegUlation and norM for
low sonic Boom LEvel”) project received funding from the
European Union’s Horizon 2020 research and innovation
program under Grant Agreement No. 769896. This docu-
ment reflects only the authors’ view, and the Commission
is not responsible for any use that may be made of the
information it contains. We thank our colleagues in
RUMBLE for the exchange during the preparation of this
study, in particular Stephan Topken and Steven van de
Par for fruitful discussions, the project coordinator
Jean-Francois Perelgritz (Airbus France) and Pierre-Elie
Normand (Dassault-Aviation) for sharing the software
allowing the computation of various boom metrics.
Philippe Guibert, head of campus St. Cyr of Sorbonne
Université and Pierre-Yves Lagrée, director of Institut
Jean Le Rond d’Alembert, are thanked for giving us
access to the test house for research purposes. The techni-
cal and administrative assistance of Jean-Frangois Egéa,
Jérome Péquin, Jean-Marie Citerne, Hugo Dutilleul and
Evelyne Mignon, all from Institut Jean Le Rond
d’Alembert at Sorbonne Université was essential to carry
out this study successfully.

References

1. A.R. George, R. Seebass: Sonic boom minimization including
both front and rear shocks. ATAA Journal 9, 10 (1971) 2091
2093.

2.L.B. Jones: Lower bounds for sonic bangs. Aeronautical
Journal 65, 606 (1961) 433-436.

3.R. Seebass, A.R. George: Sonic-boom minimization. Journal
of the Acoustical Society of America 51, 2C (1972) 686-694.

4. G.B. Whitham: The flow pattern of a supersonic projectile.
Communications on Pure and Applied Mathematics 5, 3
(1952) 301-348.

5.8.S. Stevens: Perceived level of noise by Mark VII and
decibels (E). Journal of the Acoustical Society of America 51,
2B (1972) 575-601.

6. W. Doebler: Simulations of X-59 low-booms propagated
through measured atmospheric profiles in Galveston, Texas.
Journal of the Acoustical Society of America 148, 4 (2020)
2524.

7.A. Loubeau, Y. Naka, B.G. Cook, V.W. Sparrow, J.M.
Morgenstern: A new evaluation of noise metrics for sonic
booms using existing data, in: ATP Conference Proceedings,
Vol. 1685, No. 1, AIP Publishing, 2015.

8.J.M. Fields: Reactions of residents to long-term sonic
boom noise environments. Tech. Rep. CR-201704. NASA,
1997.

9.D.A. Hilton, V. Huckel, R. Steiner, D.J. Maglieri: Sonic-
boom exposures during FAA community response studies
over a six-month period in the Oklahoma City area. Tech.
Rep. TN D-2539. NASA, 1964.

10. C.W. Nixon, P.N. Borsky: Effects of sonic booms on people:
St. Louis, Missouri, 1961-1962. Tech. Rep. AMRL-Rept. TR-
65-196. Aerospace Medical Research Laboratory Report,
1965.

11. P.D. Schomer: Some important factors in community response
to sonic booms, in: Noise-Con 2004, Baltimore, MD, July
12-14, Institute of Noise Control Engineering, 2004.

12.B.M. Sullivan, J. Klos, R.D. Buehrle, D.A. McCurdy, E.A.
Haering Jr.: Human response to low-intensity sonic booms
heard indoors and outdoors. Tech. Rep. TM-2010-216685.
National Aeronautics and Space Administration, Washing-
ton, DC, 2010.

13. A. Loubeau: Community response to low-amplitude sonic
booms. Proceedings of Meetings on Acoustics 19, 1 (2013)
040048.

14.J.D. Leatherwood, B.M. Sullivan, K.P. Shepherd, D.A.
McCurdy, S.A. Brown: Summary of recent NASA studies
of human response to sonic booms. Journal of the Acoustical
Society of America 111, 1 (2002) 586-598.

15.D.A. McCurdy, S.A. Brown, R.D. Hilliard: Subjective
response of people to simulated booms in their homes.
Journal of the Acoustical Society of America 116, 3 (2004)
1573-1584.

16.F. Coulouvrat: The challenges of defining an acceptable
sonic boom overland, in: 15th ATAA/CEAS Aeroacoustics
Conference, Miami (USA), 11-13 May 2009, ATAA Paper-
2009-3384, 2009, pp. 1-13.

17.A. Loubeau, J. Page: Human perception of sonic booms
from supersonic aircraft. Acoustics Today 14, 3 (2018) 23-30.

18.D.J. Maglieri, P.J. Bobbitt, K.J. Plotkin, K.P. Shepherd, P.
G. Coen, D.M. Richwine: Sonic boom: six decades of
research. NASA, 2014.

19.J. Rathsam, A. Loubeau, J. Klos: Effects of indoor
rattle sounds on annoyance caused by sonic booms. Journal
of the Acoustical Society of America 138, 1 (2015) EL43—
EL48.

20.J. Rathsam, J. Klos, A. Loubeau, D.J. Carr, P. Davies:
Effects of chair vibration on indoor annoyance ratings of
sonic booms. Journal of the Acoustical Society of America
143, 1 (2018) 489-499.

21.D. Carr, P. Davies, A. Loubeau, J. Rathsam, J. Klos:
Influences of low-frequency energy and testing environment
on annoyance responses to supersonic aircraft noise when
heard indoors. Journal of the Acoustical Society of America
148, 1 (2020) 414-429.

22.8S. Topken, S. van de Par: Loudness and short-term annoy-
ance of sonic boom signatures at low levels. Journal of the
Acoustical Society of America 149, 3 (2021) 2004-2015.

23.J.J. Gibson: The ecological approach to visual perception.
Houghton Mifflin, Boston, 1979.

24. M. A. Schmuckler: What is ecological validity? A dimensional
analysis. Infancy 2, 4 (2001) 419-436.

25.L. Cretagne, A.C. Garcia, R. Leconte, F. Ollivier, J. Marchal,
C. Fritz, F. Coulouvrat: Design of a low frequency, impulsive
sound simulator in an existing house for sonic boom
perceptual studies. Acta Acustica 7 (2023) 61.



F. Marmel et al.: Acta Acustica 2024, 8, 1 15

26.S.L. Pullman: Spiral analysis: a new technique for measuring
tremor with a digitizing tablet. Movement Disorders 13, S3
(1998) 85-89.

27.A. Liebl, H. Jahncke: Review of research on the effects of
noise on cognitive performance 2014-2017, in: 12th ICBEN
Congress on Noise as a Public Health Problem 2017. Online
Resource, Paper 4017, 2017, p. 16.

28.J.L. Szalma, P.A. Hancock: Noise effects on human perfor-
mance: a meta-analytic synthesis. Psychological Bulletin 137,
4 (2011) 682-707.

29. W.K. Kirchner: Age differences in short-term retention of
rapidly changing information. Journal of Experimental
Psychology 55, 4 (1958) 352-358.

30.AM. Owen, K.M. McMillan, A.R. Laird, E. Bullmore:
N-back working memory paradigm: a meta-analysis of
normative functional neuroimaging studies. Human Brain
Mapping 25, 1 (2005) 46-59.

31.K.J. van Engen, M. Baese-Berk, R.E. Baker, A. Choi, M.
Kim, A.R. Bradlow: The Wildcat Corpus of native-and
Foreign-accented English: communicative efficiency across
conversational dyads with varying language alignment pro-
files. Language and Speech 53, 4 (2010) 510-540.

32.J. Armitage, T. Eerola: Cross-modal Transfer of Valence or
Arousal from Music to Word Targets in Affective Priming?
Auditory Perception & Cognition 5 (2022) 192-210.

33.C. Gao, D.H. Wedell, S.V. Shinkareva: Crossmodal negativity
bias in semantic processing. Emotion 22, 6 (2022) 1270-1280.

34.M. Rohr, D. Wentura: How emotion relates to language and
cognition, seen through the lenses of evaluative priming
paradigms. Frontiers in Psychology 13 (2022) 911068.

35.L.D. Scherer, R.J. Larsen: Cross-modal evaluative priming:
emotional sounds influence the processing of emotion words.
Emotion 11, 1 (2011) 203-208.

36.F. Marmel, L. Cretagne, L.-T. Thuong, F. Coulouvrat, C.
Fritz: Impact of reduced sonic boom exposure on subjective
reactions and perceptual evaluations for simulated booms
presented in a realistic indoor environment. Acta Acustica
(submitted for publication).

37.F. Lovholt, K. Noren-Cosgriff, J. Park, A. Lgkke: Numerical
modelling of very low frequency sound transmission loss through
walls from sonic boom, in: INTER-NOISE and NOISE-CON
Congress and Conference Proceedings, Vol. 259, No. 6, Institute
of Noise Control Engineering, 2019, pp. 3665-3674.

38. W. Passchier-Vermeer, H. Vos, J.H.M. Steenbekkers, F.D.
van der Ploeg, K. Groothuis-Oudshoorn: Sleep disturbance
and aircraft noise exposure. Exposure-effect relationships.
Tech. Rep. TNO, Netherlands, 2002.

39.R. Baker, V. Hazan: DiapixUK: task materials for the
elicitation of multiple spontaneous speech dialogs. Behavior
Research Methods 43, 3 (2011) 761-770.

40.J. Peirce, J.R. Gray, S. Simpson, M. MacAskill, R.
Hochenberger, H. Sogo, E. Kastman, J.K. Lindelgv: Psy-
choPy2: experiments in behavior made easy. Behavior
Research Methods 51, 1 (2019) 195-203.

41.J.0. Wobbrock, L. Findlater, D. Gergle, J.J. Higgins: The
aligned rank transform for nonparametric factorial analyses
using only ANOVA procedures, in: Proceedings of the ACM
Conference on Human Factors in Computing Systems (CHI
‘11), Vancouver, British Columbia, May 7-12, ACM Press,
New York, 2011, pp. 143-146. Honorable Mention Paper.

42.J. Cohen: Statistical power analysis for the behavioral
sciences. Lawrence Erlbaum Assoc, Hillsdale, NJ, 1988.

43. A. Soveri, J. Antfolk, L. Karlsson, B. Salo, M. Laine:
Working memory training revisited: a multi-level meta-
analysis of n-back training studies. Psychonomic Bulletin &
Review 24, 4 (2017) 1077-1096.

44.H. van Steenbergen, G.P. Band, B. Hommel: Does conflict
help or hurt cognitive control? Initial evidence for an inverted
U-shape relationship between perceived task difficulty and
conflict adaptation. Frontiers in Psychology 6 (2015) 974.

45.M.M. Bradley, P.J. Lang: The International Affective
Digitized Sounds (2nd edition; IADS-2): affective ratings of
sounds and instruction manual. Tech. Rep. B-3, University of
Florida, Gainesville, FL, 2007.

46.P. Gobin, A.-M. Camblats, W. Faurous, S. Mathey: Une base
de Pémotionnalité (valence, arousal, catégories) de 1286 mots
frangais selon 'age (EMA). European Review of Applied
Psychology 67, 1 (2017) 25-42.

47.F. Pratto, O.P. John: Automatic vigilance: the attention-
grabbing power of negative social information. Journal of
Personality and Social Psychology 61, 3 (1991) 380-391.

48.K.C. Klauer, J. Musch: Affective priming: Findings and
theories, in: J. Musch, K.C. Klauer (Eds.), The Psychology of
Evaluation, Erlbaum, Mahwah, NJ, 2003, pp. 7-36.

49.T. Folyi, D. Wentura: Fast and unintentional evaluation of
emotional sound: evidence from brief segment ratings and the
affective Simon task. Cognition and Emotion 31, 2 (2017)
312-324.

50. A.M. Abbasi, E. Darvishi, M.A. Rodrigues, K. Sayehmiri:
Gender differences in cognitive performance and psychophys-
iological responses during noise exposure and different
workloads. Applied Acoustics 189 (2022) 108602.

51.F. Coulouvrat, R. Marchiano: Nonlinear Fresnel diffraction
of weak shock waves. Journal of the Acoustical Society of
America 114, 4 (2003) 1749-1757.

Appendix A
Signals

Figure A.1 shows the measured signals at positions A
and B in the living room, and Figure A.2 at positions C
and D in the kitchen, when operating the two simulators
simultaneously with doors between the living room and
bedroom 1, bedroom 3 and kitchen kept open. Either in
the living room or in the kitchen, the wave shapes were
rather similar from one position to another one, and did
not differ much from the Low Boom case to the High Boom
one. However, the wave shapes significantly differed in the
living room (Fig. A.1) from the N-wave shape measured at
the virtual windows (see [25]) because of room effects.
A first shock was always clearly visible. However, because
simulators were not equidistant from positions A nor B,
booms emanating from the two virtual windows did not
arrive exactly at the same time at these two positions, thus
increasing the rise time and smoothing the signal. The rise
of the second shock was interrupted by the arrival of a
relatively large amplitude signal, with a shape of approxi-
mately a phase-inverted N-wave. The overall signal was
therefore considerably longer, lasting more than 0.3 s
instead of 0.1 s. These large differences were due to the
indoor complex propagation in the house, with transfer
between rooms, multiple arrivals, wall reflections, diffrac-
tion or reverberation. Weak shock behaviour may also be
different from the one of linear waves, as shown at least
in the case of diffraction [51]. Spectrum oscillations
observed in Figure 4 of [25] in the very low frequency part
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Figure A.1. Measured signals in the living room when operating the two simulators simultaneously, with an open kitchen door.
Left column: time waveform — Right column: frequency spectrum. From top to bottom: Low Boom in position A — High Boom in

position A — Low Boom in position B — High Boom in position

below the peak here disappeared. The wideband rattle noise
from the kitchen affected the frequency spectrum above
800 Hz for the High Boom case, and above 200 Hz for the
Low Boom case. Note that, when the kitchen door was
closed, the peak overpressure in the living room increased
because of a smaller insonified volume, but the sound level
decreased because the higher frequency content due to
rattle disappeared.

In the kitchen (Fig. A.2), the boom shape was once
again different. The emitted N-wave shape was recovered,
but followed by smooth, low frequency oscillations. The
spectrum showed a secondary peak slightly below 10 Hz.
This frequency was in agreement with the assumption of
the volume of living room plus the two bedrooms
(134 m®) playing the role of a Helmholtz resonator, with
the door between living room and kitchen (of surface
1.7 m® and of perimeter 5.94 m) being the resonator

B.

aperture. With these values, the resonance frequency is
estimated to be 10.4 Hz, close to the observed one. Such a
resonance effect could also explain the small increase in
boom peak overpressure in the kitchen (between 15.1 and
16.2 Pa) compared to the living room (between 13.3 and
14.8 Pa). The high frequency content showed an increase,
of roughly 10 dB above 1 kHz, compared to the living room.
As a counterpart, the frequency range 20-100 Hz was
largely reduced compared to the living room. In terms of
metrics, there was a clear reduction of High Boom levels
in the kitchen (2-3 dB) compared to the living room, but
not for the Low Boom levels. Levels at position D closest
to the rattling door were always higher.

Rattle was evidenced by measuring the acceleration of
the kitchen door to the garden. A single PCB Piezotronics
accelerometer (model TLD333B40 — operating linearly up
to 98 m - s (peak) in the frequency range 0.5-3000 Hz)
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Figure A.2. Measured signals in the kitchen when operating the two simulators simultaneously. Left column: time waveform — Right
column: frequency spectrum. From top to bottom: Low Boom in position C — High Boom in position C — Low Boom in position

D — High Boom in position D.

was fixed by wax to the measured vibrating surface, its
cable being always attached on a fixed surface to avoid
any motion. It was connected directly to the same acquisi-
tion card NI USB 4431 as the microphones, which provided
conditioning when used in IEPE mode. Measurements
were made on both one of the door glass panes and on

the door wooden moving frame. Vibrations reached high
levels, up to 60 m - s~ for the High Boom. The acceleration
signal showed several bursts corresponding to the moving
door frame hitting the fixed one under the boom pressure
wave. Wooden frames always showed larger accelerations
than glass panels.
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Appendix B

Summary of the statistical results

Motor control task Number of spirals drawn

Time spent in the zone in
which the boom appeared
(compared to the neighbouring

zones)
Working memory Percentage of correct responses
task

Correct response time
Communication Communication efficiency
task
Valence Percentage of correct responses

evaluation task

Correct response time

No statistical difference: 4.64 in average with a difference of less than
0.14 spirals between the conditions
Significant effect: increase between 1.9% and 6.3%

No statistical difference: 87.3% in average with a difference of less
than 7.2% between conditions

Longer time (by 3.9%) for card #0 and #1 compared to the four
cards preceding the boom, longer (by 3.4%) for the Low Boom
condition compared to the High Boom condition and longer (by
about 4.3%) in the living room compared to the kitchen

Compared to the no boom condition, efficiency impaired by 14.7% in
the Low Boom condition and by 4.8% in the High Boom condition,
though below statistical significance in both cases

More correct responses when primes were booms than when they
were not (2.3% increase for Low Booms, 1.1% increase for High
Booms)

Longer time when primes were booms than when they were not
(4.2% increase for Low Booms, 3.8% increase for High Booms).

Cite this article as: Marmel F. Cretagne L. Thuong L-T. Coulouvrat F. & Fritz C. 2024. Impact of reduced sonic boom exposure
on psychophysical and cognitive performance for simulated booms presented in a realistic indoor environment. Acta Acustica, 8, 1.
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