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A B S T R A C T

The main goal of the present research is to gain a better understanding of the consequences of background noise
on learning, with a specific focus on how noise may impair maths achievement. A mental calculation task was ad-
ministered in the classroom to 162 middle-school students (11–13 years old). The listening conditions were ma-
nipulated, choosing three different conditions - quiet, traffic and classroom noise - to reflect realistic noise expo-
sure experienced in urban classrooms. A differential negative effect of listening condition on maths performance
emerged in relation to task difficulty and children's age. The youngest children performed better in the quiet
and traffic noise conditions than in the classroom noise condition, while in the older children these differences
gradually disappeared. The detrimental effect of classroom noise was most evident when the maths task was
moderately difficult. With increasing task complexity, the difference between listening conditions faded.These
data support the idea that younger children are more susceptible to the detrimental effects of noise in school
classrooms than older children, and that their academic attainments are affected. Our findings have implications
for classroom learning because different types of environmental noise affected children's performance differently,
depending on the complexity of the task in hand.

1. Introduction

Mathematics is universally acknowledged as one of the core sub-
jects in education. It is also known to be less immediately appealing
than other school subjects, and a frequent cause of stress in pupils
and teachers alike (Dowker, 2019). A very large amount of litera-
ture in the spheres of psychology and education, albeit with differ-
ent aims, has tried to account for the differences often encountered
in pupils' maths achievement. There are many, multi-layered potential
sources of diversity, including both cognitive and environmental fac-
tors (Ngan Ng & Rao, 2010). Among the latter, noisy classrooms
are known to strongly affect students' academic attainments (Dock-
rell & Shield, 2006; Rudner et al., 2018; Shield & Dockrell,
2003), and the present study focuses on this particular aspect. Tak-
ing a multidisciplinary approach, we examine to what extent differ-
ent noisy classroom conditions interfere with performance in arith

metic, and how their influence might change with students’ age and
maths task complexity.

1.1. Mathematical skills

Research has shown that children develop an impressive set of math-
ematical skills during their schooling, demonstrating that maths abil-
ity is far from unitary (Cowan et al., 2011; Dowker, 2019; LeFevre
et al., 2010). The task of solving an arithmetical problem or alge-
braic equation consists of sequences of steps involving different do-
main-specific skills, such as counting, fact retrieval, understanding of
arithmetical, conceptual and procedural principles (Kroesbergen, Van
Luit, & Aunio, 2012; Passolunghi, Mammarella, & Altoè, 2008),
and domain-general skills or cognitive components, such as working
memory and attentional resources (Caviola, Mammarella, Lucan-
geli, & Cornoldi, 2014; Friso-Van
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Den Bos, Van der Ven, Kroesbergen, & Van Luit, 2013; LeFevre et
al., 2013).

As in other educational domains, several aspects of maths learning
also change with age (especially in children). A few basic skills seem to
be linked to processes of maturation/development (Ansari, Holloway,
Price, & van Eimeren, 2008), but more complex abilities depend on
learning and education, and usually benefit from expertise gained with
age (Caviola, Gerotto, & Mammarella, 2016). The acquisition and
mastery of arithmetical skills begins with formal schooling (Jordan,
Mulhern, & Wylie, 2009; Rittle-Johnson & Schneider, 2015, pp.
1118–1134). In particular, the acquisition of procedural knowledge (i.e.,
the sequential steps needed to solve calculation problems), and con-
ceptual knowledge (i.e., a deeper understanding of all the underlying
principles and concepts) contributes to the development of arithmeti-
cal skills, and this helps to explain age-related differences. All these el-
ements of knowledge trigger potentially different development trajecto-
ries across pupils, and these dissimilarities can presumably be explained
by differences in their cognitive capacities, learning stage and back-
ground (Dowker, 2019). For example, research on this learning phase
has shown that a gradually increasing use of efficient calculation pro-
cedures leads to a more expert use of memory-based strategies (Jor-
dan, Hanich, & Kaplan, 2003). As children grow older, these strate-
gies come to replace less efficient options, such as counting (Caviola,
Mammarella, Pastore, & LeFevre, 2018).

Arithmetical tasks can vary considerably in complexity (Holmes,
Adams, & Hamilton, 2008; Caviola, Mammarella, Lucangeli, &
Cornoldi, 2012). One of the easiest ways to increase a task's complex-
ity is to increase the size of the problem. Individuals perform worse on
double-digit than on single-digit problems, possibly because of differ-
ences in the procedural or conceptual knowledge required, but also be-
cause more complex tasks demand more cognitive capacity (LeFevre et
al., 2010; Sowinski et al., 2015). There are several ways to make a
problem more or less difficult (e.g., depending on whether it includes a
carrying over procedure, on the type of algorithm chosen, etc.) resulting
in different cognitive demands (Imbo & LeFevre, 2010). Thus, a prob-
lem's greater complexity can also act as a stressor, further modulating
task performance. Problem-solving efficiency usually decreases when
carrying or borrowing are involved due to the added burden on cogni-
tive resources (Caviola, Mammarella, Cornoldi, & Lucangeli, 2012;
Imbo, Vandierendonck, & De Rammelaere, 2007; Noël, Désert,
Aubrun, & Seron, 2001).

As regards learning background, children's different experiences at
home and at school can account for a part of their different levels
of achievement (Ngan Ng & Rao, 2010; Weiss, Carolan, &
Baker-Smith, 2010; Barger, Kim, Kuncel, & Pomerantz, 2019, for
a recent review). When education systems are analyzed on the strength
of a wealth of contextual data collected on an international scale, as
for the TIMSS and PISA assessments, the findings suggest that contex-
tual elements - or home/school environments – can have an impact on
achievement (Hooper, Mullis & Martin, 2013; Kuger, Klieme, Jude,
& Kaplan, 2016). As concerns maths achievement and school settings,
students seem to do better in maths if they attend schools with a more
positive educational climate (Hwang, Runnalls, Bhansali, Navaan-
damba, & Choi, 2017; OECD, 2016). The factors contributing to a
positive school climate (see Wang & Degol, 2016, for a recent re-
view) include every aspect of the school experience, from the quality of
teaching and learning (e.g., teachers' training, experience, and salaries)
to structural features (e.g. class size, teaching facilities, and consum-
ables), and the quality of the school environment (e.g., heating, light-
ing, acoustics, cleanliness) (Bear et al., 2018; Gustafsson, Nilsen,
& Hansen, 2018; Maxwell, Reynolds, Lee, Subasic, & Bromhead,

2017). The present study focuses on one of these latter factors
–acoustics – in an effort to gain a better understanding of the influ-
ence of background noise in the classroom on maths learning at different
ages.

1.2. Impact of classroom noise on children's performance in listening tasks

Noisy classrooms are generally acknowledged as having a nega-
tive impact on students' academic attainment, at any age (Dockrell
& Shield, 2006; Rudner et al., 2018; Shield & Dockrell, 2003).
There is growing evidence of poor classroom acoustics giving rise to
a learning environment that is unfavorable for many students (Bron-
zaft & McCarthy, 1975; Bronzaft, 1981; Connolly et al., 2019;
Shield et al., 2015; Shield & Dockrell, 2003; Klatte, Bergström,
& Lachmann, 2013 for a review), especially those with learning diffi-
culties (Bradlow, Kraus, & Hayes, 2003; Dockrell & Shield, 2006).
In this research field, particular attention has been devoted to listen-
ing tasks (presented verbally), which are typical of teachers interact-
ing with their class during lessons. It has been well documented that
background noise impairs children's performance in the basic task of
recognizing an isolated word or whole sentence (Klatte, Lachman &
Meis, 2010; Wróblewski, Lewis, Valente, & Stelmachowicz, 2012;
Mealings, Demuth, Buchholz, & Dillon, 2015; McCreery, Sprat-
ford, Kirby, & Brennan, 2017). While speech processing is largely au-
tomatic in ideal listening conditions (e.g., with no background noise),
in the presence of noise it becomes much more effortful. Children then
have to rely more heavily on cognitive processing to parse and decode
the degraded speech signal (Rönnberg et al., 2013). As well as in
speech recognition, noise has proved detrimental to performance in sev-
eral complex tasks resembling activities that children engage in during
daily lessons, including discourse comprehension (Valente, Plevinsky,
Franco, Heinrichs-Graham, & Lewis, 2012), passage comprehension
(von Lochow, Lyberg-Åhlander, Sahlén, Kastberg, & Brännström,
2018), sentence comprehension (Prodi, Visentin, Borella, Mammarella
& Di Domenico, 2019(Prodi, Visentin, Borella, Mammarella, & Di
Domenico, 2019)), word recall (Hurtig et al., 2016), and execution
of complex instructions (Klatte, Lachmann, & Meis, 2010). A noisy
environment increases the demand on available resources because, in
the case of verbally-presented tasks, speech processing has to compete
with the actual performance of the task (Kahneman, 1973).

Classroom noise, in particular, has been shown to interfere with
children's academic performance. Its negative effects have been seen
on both verbal (i.e., reading, spelling) and non-verbal (i.e. arithmetic,
speed of processing) tasks (Dockrell & Shield, 2006; Shield & Dock-
rell, 2008), and more generally on any task demanding high levels of
cognitive processing, and involving attention and/or working memory
(Shield & Dockrell, 2003). The impact of classroom noise (intended
as a combination of non-intelligible speech and non-verbal, isolated
sound events) also depends on the specific characteristics of the task
in hand, however. It has been suggested in the literature that this de-
rives from a duplex mechanism (Hughes, 2014). The first mechanism,
“interference by process” (Hughes, Vachon, & Jones, 2007; Marsh,
Hughes, & Jones, 2009; Hughes, Hurlstone, Marsh, Vachon, &
Jones, 2013), would involve noise having a direct impact on cogni-
tive resources by competing with the target material to be processed. In
other words, similar cognitive processes are involved in unwittingly an-
alyzing the background noise while wittingly dealing with a task, thus
generating conflict and a consequently impaired performance (Macken,
2014). To give an example, the semantic content of background speech
has been shown to impair performance on tasks that rely on semantic
processing (e.g., reading comprehension, writing; Sörqvist, Nöstl, &
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Halin, 2012). The second mechanism, “attentional capture”, means
that noise interferes with an individual's attention and attentional con-
trol. The reason why performance in a given task is impaired by back-
ground noise lies in that the focus of attention is distracted by the noise,
and completion of the main task (a maths problem in our case) is dis-
rupted as a result (Sörqvist, 2010; Bell, Röer, Dentale, & Buchner,
2012). This latter mechanism has been shown to depend on the acoustic
characteristics (e.g., spectrum, temporal envelope, saliency, and pre-
dictability) of the noise, the listener's age, and the degree of engagement
in the task. It does not appear to be sensitive to the specific processes
involved in the task, or to the task administration modality. As long as
a task is attention-demanding, the presence of a background noise is
enough to divert our attention from it. For instance, Meinhardt-Injac
et al. (2015) showed that irrelevant speech impaired performance in a
mathematical equation task administered to 8-year-old children.

Children are more susceptible to the resource-consuming, detrimen-
tal effects of noise than adults due to the greater demands on their
still-developing cognitive and linguistic skills (Johnson, 2000; Wight-
man & Kistler, 2005; Neuman, Wroblewski, Hajicek, & Rubin-
stein, 2010). Children are also more susceptible than adults to auditory
distractions, as their attention is more prone to being diverted (Elliott
et al., 2016). In the case of verbal tasks, younger children are usually
expected to perform less well than older children (McCreery & Stelma-
chowicz; 2013), but the reverse might also be the case, depending on
the type of task (Connolly et al., 2019), and whether the exposure to
noise is chronic or acute (Shield & Dockrell, 2008). The age at which
an adult-like performance in speech perception is reached is generally
placed around 13 years old, though this depends on the listening condi-
tions, i.e., the type of noise (Leibold, 2017).

1.3. Impact of classroom noise on children's performance in maths tasks

To the best of our knowledge, only a few studies have considered
academic maths tasks when assessing the impact of environmental noise
on students' performance (Cohen, Krantz, Evans, Stokols, & Kelly,
1981; Dockrell & Shield, 2006), and little attention has been paid to
verbally-presented maths tasks (i.e., maths tasks in which the problems
are presented in the auditory modality). The first studies of this kind
were conducted almost fifty years ago (Kassinove, 1972; Johansson,
1983; Zentall & Shaw, 1980), and the results indicated that noise had
no effect on children's performance in mentally solving written addi-
tions, subtractions, multiplications and divisions, whatever their type or
level of difficulty. Then the topic was ignored for more than 20 years,
until Dockrell and Shield (2006) investigated the impact of noise on
reading, spelling and arithmetical tasks in a classroom experiment with
8-year-old children. Three noise conditions were tested (silence, babble
noise, and babble plus environmental noise). Unlike the earlier studies,
their results indicated that children performed better in silence than in
babble or babble plus environmental noise (and, presented at the same
overall sound level, the latter two noise conditions did not affect perfor-
mance differently).

Later on, more complex arithmetical tasks were administered in
similar investigations. Ljung, Sörqvist, and Hygge (2009) admin-
istered basic arithmetical, geometrical problems, and a mathematical
reasoning test to pupils 12–13 years old. Like Dockrell and Shield
(2006), they found that noise had a significant effect on basic math-
ematics performance (which was better in quiet than in traffic noise),
but no such effect was found on performance in the more complex
maths reasoning task. This latter finding was unexpected,

contrasting with the Authors' hypothesis that a task involving more com-
plex processing would elicit a greater noise-related reduction of perfor-
mance. Similar basic arithmetical and numerical reasoning tasks were
then used by Connolly et al. (2016) with older children (11–16 years
old), with classroom noise (children's babble plus sound events) played
back on three different sound levels: 50 (baseline), 64 and 70 dB(A).
Both accuracy and response latencies were analyzed, and the effect of
noise on task performance was found to depend on its sound level. To
be specific, a sound level of 70 dB(A) significantly reduced the children's
accuracy (but did not affect their response times) in both arithmetical
and numerical reasoning tasks, whereas a more moderate sound level
of 64 dB(A) did not impair their accuracy (but did significantly slowed
down their response times in the basic arithmetical task).

As concerns learning maths, it is worth noting that studies published
so far have limited their analysis to samples of children of much the
same age, without investigating the influence of age on children's abil-
ity to cope with background noise. On the other hand, the effect of
age on tasks that involve language comprehension is well documented
(Klatte et al., 2010; Prodi et al., 2019(Prodi, Visentin, Borella,
Mammarella, & Di Domenico, 2019); Connolly et al., 2019). The
paucity of findings on the effect of age on maths task performance is
hardly surprising for two reasons: because maths learning is sensitive
to age-related changes due to cognitive development; and because that
it is not easy to select a task capable of taking into account how chil-
dren's levels of expertise interact with the task's cognitive load. Very of-
ten a task may be rather complex and demanding for younger children,
but very easy for older (and more skilled) students ((Blayney et al.,
2015)Blayney, Kalyuga, & Sweller, 2010; Caviola, Gerotto, & Mam-
marella, 2016; Lee & Kalyuga, 2014). We can see an example of
this in the only study on how age-related differences influence the effect
of background noise on performance in a mathematical task conducted
by Meinhardt-Injac et al. (2015). They administered an arithmetical
verification task (asking children to judge whether a simple addition or
subtraction was correct or not) to 8- and 12-year-old children in three
listening conditions: pink noise (baseline condition); speech in a foreign
language; and classroom noise (only sound events, without any speech).
The results provided no evidence of any influence of developmental
stage on accuracy, although the older pupils' response times were signif-
icantly faster than the younger children's. On the other hand, while the
older children were unaffected by any background sounds, a detrimental
effect of speech in a foreign language was seen in the younger children's
accuracy and response times. These results might mean that the effect of
noise on task performance might be modulated by a child's age in terms
of a different allocation of resources being associated with different lev-
els of maths ability between children in 2nd and 6th grade. For the pre-
sent study, we consequently chose a task consistent with, and appropri-
ate for the maths abilities already acquired in previous school years, that
could be presented to the children verbally. During their formal educa-
tion, children gradually learn procedures for solving multi-digit prob-
lems. The maths curricula in many countries conventionally distinguish
between three main arithmetical approaches: written standard algo-
rithms (procedural knowledge, also called the routine approach), writ-
ten informal algorithms (making notes or using equations), and mental
arithmetic, or the strategic approach (that involves individuals applying
strategies drawn from their own repertoire) (Heinze et al., 2009; Selter,
2001). The former two are taught mainly with paper-and-pencil stan-
dard algorithms (Selter, Prediger, Nührenbörger, & Hussmann, 2012),
while the latter focus principally on verbally-taught strategies (Caviola
et al., 2018).
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1.4. The present study

The overall goal of this study was to investigate the effect of noise on
mental calculation ability in a school setting. We were particularly inter-
ested in examining whether background noise affects mental calculation
performance in children in grades six to eight in terms of: i) whether it
has a different impact at different ages; ii) whether it depends on the
type of noise; and iii) whether its effect is modulated by the maths task's
difficulty. The mental calculation task was verbally administered to the
children as would be done normally in the classroom. We manipulated
both the task's complexity (i.e., presence/absence of borrowing and car-
rying procedures) and the listening conditions, mimicking the class-
room sound environment (i.e., quiet, traffic noise, or classroom noise
[speech-like fluctuating noise plus typical classroom sound events]). As
the sound environment depends on both the sound sources and the
acoustic properties of a space (Reinten, Braat-Eggen, Hornikx, Kort,
& Kohlrausch; 2017), the task was presented in real-life reverberating
classrooms.

Older children were expected to be more accurate and respond faster
than younger children in the mental calculation task, in line with previ-
ous research (Thevenot & Barrouillet, 2010bib_Thevenot_and_Bar-
rouillet_2010). Likewise, as regards task complexity, older children
were expected to perform better than younger ones (Caviola et al.,
2018). As for the impact of noise, we predicted a worse performance
and slower response times in noisy than in quiet conditions, in line with
previous research (i.e. Dockrell & Shield, 2006; Ljung et al., 2009).
Younger children were also expected to be more susceptible to the neg-
ative effect of noise than older children (i.e. Meinhardt-Injac et al.,
2015; Prodi et al., 2019(Prodi, Visentin, Borella, Mammarella, &
Di Domenico, 2019)). In agreement with Klatte et al. (2013), and
Prodi et al. (2019), we predicted that different types of background
noise would affect children's performance differently, and that the ef-
fects of the listening conditions would change depending on the task's
difficulty (Sahlén et al., 2017).

2. Material and methods

2.1. Participants

A total of 182 children from 11 to 13 years old (grades 6 to 8)
took part in the study. The children were from two schools in [location
masked for blind review]; three classes were chosen for each grade. The
children and their parents came from working-class and middle-class
families. Six children were excluded from our data analysis due to intel-
lectual disabilities or already-diagnosed hearing impairments. Another
14 children were excluded in the light of their maths fluency assessment
(12 children did not complete the assessment, and two scored lower
than the threshold). Table 1 shows details of the final sample of 162
children.

The study was approved by the Ethics Committee on Psychology
Research at the University of [location masked for blind review]. Af

Table 1
Characteristics of the students participating in the experiment.

Age
group

School
grade

Sample
size

%
females

Age [M;
SD]

Age
range

11 years grade 6 50 50 11.0; 0.32 10–12
12 years grade 7 55 47 12.0; 0.30 11–13
13 years grade 8 57 44 12.9; 0.32 12–14

ter the approval of the school administrations, written informed parental
consent was obtained before testing.

2.2. Maths performance

2.2.1. Maths fluency test
Children were administered the Maths Fluency Test (Caviola,

Gerotto, Lucangeli, & Mammarella, 2016), a standardized assess-
ment consisting of 24 multi-digit written additions, 24 written subtrac-
tions, and 24 written multiplications. Two minutes were allowed to com-
plete each set of calculations. The total score was the sum of all correct
answers. The test was administered collectively to the students in their
classrooms, in a quiet condition, nearly one week after the experimental
task.1 It was used as a preliminary data-screening measure: participants
obtaining a standardized score lower than −3 in this test were excluded
from the data analysis (n = 2).

2.2.2. Mental calculation task
Materials derived from Caviola et al. (2012) were used for the

mental calculation task, consisting of three sets of 28 two-digit additions
and subtractions (14 of each). The difficulty of the problems was ma-
nipulated by means of the presence or absence of borrowing and carry-
ing procedures, obtaining two levels of difficulty (low for additions or
subtractions without carrying/borrowing, or high for additions or sub-
tractions with carrying/borrowing). In each set, there were 14 problems
for each level of difficulty. For each problem, there were multiple-choice
answers with three options (the correct answer, the correct answer plus
or minus two, and the correct answer plus or minus 10). Sets of prob-
lems were counterbalanced by type and difficulty, and their order of
presentation within each set was randomized. For each question, partic-
ipants listened to the playback of a voice posing the problem, then the
three possible answers appeared on their tablets and they were asked to
select the right answer by tapping on the screen. They were given a max-
imum of 20 s to choose their answer. Accuracy and response times (RTs)
were recorded for each problem. RTs were defined as the time elapsing
between the end of the audio playback and the moment an answer was
selected. The proportions of correct answers and RTs were used as mea-
sures of mental calculation performance.

The problems were recorded in a silent room by a native Italian,
female, adult speaker. Each problem was preceded by a carrier phrase
(e.g., “Ora risolvi 87-62” [Now solve 87-62]). All signals were recorded
with a B&K Type 4189 ½ inch microphone placed about 20 cm from the
speaker's mouth and connected to a B&K Type 5935 signal conditioner.
The recordings had a 44.1 kHz sampling rate and a 16-bit resolution,
and were normalized to the same average root-mean-square value.

2.3. Listening conditions

2.3.1. Background noises
Three noise conditions typical of occupied classrooms were included

in the study: quiet, traffic noise, and classroom noise. The quiet con-
dition is typical of classroom life when the teacher is speaking and
the students are sitting at their desks and not talking. To reproduce
this condition, no additional background noise was played

2 A one-way ANOVA was conducted to compare the effect of classroom on the maths
fluency score for each age group. Normality checks (Shapiro-Wilk test) and Levene's test
were carried out and the assumptions were met. For all age groups, there was a significant
effect of the classroom on the maths fluency score (11 years: F[2,47] = 6.09, p = 0.004;
12 years: F[2,52] = 3.30, p = 0.045; 13 years: F[2,54] = 4.88, p = 0.011). Each child's
score in the test was included in the data analysis as a covariate.
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back but our mental calculation task was administered in the actual am-
bient noise of the classroom, including the noises coming from nearby
classrooms where other students were engaging in similarly quiet ac-
tivities. The traffic noise condition was created by obtaining recordings
alongside a road in conditions of busy traffic, with cars and trucks pass-
ing by, then applying a spectral filtering procedure to the recordings to
correct for the sound insulation properties of a typical building façade.
The classroom noise condition was obtained by digitally mixing sound
events typical of a working classroom (e.g., chairs scraping, pages be-
ing turned in a book) with a standard noise signal, which is the fluc-
tuating ICRA noise (Dreschler, Verschuure, Ludvigsen, & Wester-
mann, 2001) constructed from Italian phrases spoken by a native fe-
male speaker. This latter type of noise reflects the long-term average
spectrum as well as the temporal envelope fluctuations of a speech sig-
nal, but it is not intelligible.

2.3.2. Classroom acoustic set-up
One classroom in each of the two schools was used for the experi-

ments. The two classrooms had a similar volume (152 and 155 m3) and
size (7.3 × 7.0 x 3.1 and 8.3 × 6.0 × 3.1 m), and a similar reverber-
ation time (after temporarily installing sound-absorbing polyester fiber
blankets in one of them).

The speech signal was played back through a Gras 44AB mouth simu-
lator positioned in front of the teacher's desk at a height of 1.50 m, while
the background noises (traffic noise, classroom noise) were played back
with a Look Line D303 omnidirectional source placed on the floor near a
corner of the classroom. The audio playback, the presentation of the pos-
sible answers in the mental calculation task, and data collection were all
managed by a laptop PC running a wireless test bench (Prodi, Visentin,
& Feletti, 2013). For all conditions, the level of the speech signal was
set to 63 dB(A), measured at 1 m in front of the speech source. This
sound level corresponds to a speaker making a vocal effort midway be-
tween “normal” and “raised” (International Organization for Stan-
dardization, 2003). In the traffic noise and classroom noise conditions,
these background noises were played back at a level of 60 dB(A), mea-
sured as the spatial average of four receivers. This coincides with the
level of background noise in typical classrooms where pupils are work-
ing, with some talking and fidgeting (Shield et al., 2015).

2.3.3. Acoustic measurements
Acoustic measurements of the reverberation time (T20; the time it

takes the sound to decrease by 60 dB after a sound source has stopped
in an enclosure) and A-weighted equivalent sound pressure levels (LA,eq)
were obtained in the classrooms when they were occupied by the chil-
dren (International Organization for Standardization, 2008), us-
ing an omnidirectional B&K4189 ½ inch microphone (height: 1.20 m)
placed in four different positions in the part of the room where the
children were seated. The acoustic measurements showed: (i) a spatial
uniformity of the acoustic parameters due to the classrooms’ small size
and the distance between the speech source and the listeners, which en-
sured equivalent listening conditions for the various seating positions
(see Prodi, Visentin, Borella, Mammarella, & Di Domenico, 2019;
Author, 2019 for more details); and (ii) that any differences between
the objective acoustic parameters in the two classrooms were below the
minimum perceivable threshold. For the purpose of our study, the two
classrooms were thus considered equivalent in terms of acoustic percep-
tion. Table 2 shows the listening conditions in the classrooms during
the experiments. For more details on the listening conditions, see Prodi,
Visentin, Borella, Mammarella, & Di Domenico, 2019; Author,
2019.

Table 2
Listening conditions in the classrooms during the experiments, in terms of reverberation
times (T20,mid, averaged over the 0.5–2 kHz frequency bands) and sound pressure levels
(LA,eq). All measurements were obtained when the classrooms were occupied by the chil-
dren.

Acoustic parameter Listening condition

Quiet Traffic noise Classroom noise

T20,mid [s] 0.69 0.69 0.69
LA,eq - speech dB(A) 60.0 60.0 60.0
LA,eq - noise dB(A) 41.9 60.4 60.3

2.4. Study design and general procedures

2.4.1. Study design
A within-subject design was used, with all children performing the

mental calculation task in the three listening conditions. The order of the
listening conditions was balanced across the classes for each age group,
following a Latin square design.

2.4.2. Procedure
The experiment took place in the first half of the school year, dur-

ing morning school hours. Children participated in the experiment as a
whole class and completed the mental calculation task in a session, last-
ing just under 1 h, and the maths fluency test in a second session lasting
about 15 min.

At the beginning of the first session, the children were randomly as-
signed to a seat, given a tablet and given instructions about the task.
They practiced with a set of three problems in quiet conditions. Then
they performed three test comprising 28 problems each, one for each lis-
tening condition. To avoid fatigue, a 5-min break was allowed after they
had completed each test.

During the tests, the background noises started approximately 1 s be-
fore the speech signal and ended simultaneously with it. In the quiet
condition, an acoustic signal (a brief pure tone at 500 Hz) was played
back 1 s before the spoken sentence. The next problem was automati-
cally played back only after all participants had answered or run out of
time. Participants were instructed to pay attention to the task, and to re-
spond as accurately as possible.

2.5. Data analysis

All analyses were conducted with the R software (R Core Team,
2017), setting a statistical significance threshold of 0.05. The effect of
listening condition, task difficulty, and age on performance in the men-
tal calculation task was examined using generalized linear mixed-effect
models (GLMM), and the lme4 package (Bates, Maechler, Bolker, &
Walker, 2015). One model was set up for each dependent variable (i.e.,
accuracy and RT). In the GLMMs, a binomial distribution was adopted
for the statistical analysis of the accuracy data (which could only take
a value of 0 or 1), and a Gamma distribution with a logarithmic link
function was used for the raw RT data (Lo & Andrews, 2015). Only
response latencies for correct responses were included on the analysis.

The following fixed effects were included in each model: listening
condition (quiet, traffic noise, classroom noise), task difficulty (low,
high), age group (11, 12, 13 years). All possible two- and three-way in-
teractions were assessed for each model. The individual standardized
score in the maths fluency test was also included as a covariate. The
following random effects were included in the models: participant (ran-
dom intercept), listening condition (random slope) and difficulty (ran-
dom slope).
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Values for the GLMMs were obtained using likelihood ratios. The
normality of the random effects and residuals in each model was as-
sessed to identify potential violations of statistical assumptions (Everitt
& Hothorn, 2010). Post-hoc pairwise comparisons and the calculation
of the standardized effect sizes (corresponding to Cohen's d) were per-
formed using the emmeans package (Lenth, 2019). To control for Type
I errors in the case of multiple comparisons, the p-values were adjusted
using the False Discovery Rate procedure (Benjamini & Hochberg,
1995).

3. Results

3.1. Accuracy

The analysis revealed a significant main effect of listening condi-
tion (χ2(2) = 11.51, p = 0.003), a main effect of age (χ2(2) = 22.15,
p < 0.001), a main effect of difficulty level (χ2(1) = 297.50,
p < 0.001), and a main effect of maths fluency score (χ2(1) = 68.03,
p < 0.001). The interactions between listening condition and age
(χ2(4) = 16.96, p = 0.002), and between listening condition and diffi-
culty level (χ2(2) = 16.02, p < 0.001) were also significant. The main
effect of the maths fluency score was significant as well (χ2(1) = 68.03,
p < 0.001), indicating that children with higher scores were signifi-
cantly more accurate in the mental calculation task than children with
lower scores. The age x difficulty level interaction (p = 0.21) and the
three-way interaction (p = 0.46) were non-significant.

The significant interaction between listening condition and age was
considered first, collapsing the data across levels of difficulty (Fig. 1A).
When the effect of listening condition was analyzed by age group, pair-
wise comparisons revealed that the effect depends on the children's
age. Eleven-year-olds were significantly more accurate in quiet and traf-
fic noise than in classroom noise (quiet > classroom noise: p = 0.005,
Δ = 6.5%, d = 0.32; traffic noise > classroom noise: p = 0.021,
Δ = 4.1%, d = 0.28; quiet vs traffic noise: p = 0.70). For 12-year-olds,
on the other hand, a significant difference in accuracy was only found
when comparing quiet and classroom noise (quiet > classroom noise:
p < 0.001, Δ = 6.9%, d = 0.42; traffic noise vs classroom noise:
p = 0.09; quiet vs traffic noise: p = 0.15). No difference between listen-
ing conditions emerged for 13-year-olds (all ps > 0.14). When the effect
of age was analyzed for each listening condition, pairwise comparisons
showed that: the youngest students were the least accurate in quiet con-
ditions (11 < 12: p = 0.01, Δ = 6.3%, d = 0.46; 11 < 13: p = 0.008,
Δ = 6.1%, d = 0.47; 12 vs 13: p = 0.99); in traffic noise, 11-year-olds
only performed significantly worse than 13-year-olds (11 < 13:
p < 0.001, Δ = 11.3%, d = 0.37; 11 vs 12: p = 0.08; 12 vs 13:
p = 0.07); and there were significant differences between all three age
groups in classroom noise (11 < 12: p = 0.041, Δ = 5.9%, d = 0.37;
12 < 13: p = 0.003, Δ = 7.9%, d = 0.54).

Then the interaction between listening condition and level of diffi-
culty was considered, collapsing the data across ages (Fig. 1B). Pair-
wise comparisons indicated that the children performed significantly
better on the less difficult problems than on the more difficult ones
whatever the listening condition (p < 0.001 for all conditions; quiet:
Δ = 23.5%, d = 1.10; traffic noise: Δ = 16.9%, d = 1.16; classroom
noise: Δ = 10.7%, d = 0.73). When the effect of listening condition was
analyzed by level of difficulty of the problems to solve, pairwise com-
parisons indicated a better performance in quiet and traffic noise than in
classroom noise for the less difficult problems (quiet > classroom noise;
traffic noise > classroom noise; p < 0.001, Δ = 5.8% and d = 0.39 for
both comparisons; quiet vs traffic noise: p = 0.90), while there was no
difference between listening conditions for the more difficult problems
(all ps > 0.83).

3.2. Response times

The analysis revealed a significant main effect of the level of dif-
ficulty of the problem (χ2(1) = 924.10, p < 0.001), and significant
interactions between listening condition and level of difficulty
(χ2(4) = 11.27, p = 0.004), between and age and level of difficulty
(χ2(2) = 25.73, p < 0.001). The main effect of maths fluency score
(χ2(1) = 13.63, p < 0.001) was also significant, indicating that chil-
dren with higher maths fluency scores had significantly faster RT than
children with lower scores. The main effects of listening condition
(p = 0.15), age (p = 0.36), and the three-way interaction (p = 0.38)
were nonsignificant.

The significant interaction between listening condition and level of
difficulty was considered first, collapsing the data across ages (Fig. 2A).
Pairwise comparisons indicated that children had significantly faster RTs
for the easier problems than for the harder ones in all listening con-
ditions (p < 0.001 for all conditions; quiet: ΔRT = 2.75 s, d = 0.80;
traffic noise: ΔRT = 2.63 s, d = 0.76; classroom noise: ΔRT = 2.19 s,
d = 0.61). When the effect of listening condition was analyzed for
each level of difficulty of the problems, pairwise comparisons indicated
faster RTs in quiet and traffic noise than in classroom noise for the
easier problems (quiet < classroom noise: p = 0.022, ΔRT = 0.76 s,
d = 0.19; traffic noise < classroom noise: p = 0.034, ΔRT = 1.00 s,
d = 0.13; quiet vs traffic noise: p = 0.36) and no difference between lis-
tening conditions for the harder problems (all ps > 0.84).

Then the interaction between age and level of difficulty was con-
sidered, collapsing the data across listening conditions (Fig. 2B). Pair-
wise comparisons indicated that there was no difference in RTs be-
tween the age groups whatever the difficulty of the problem to solve (all
ps > 0.054). For each age group, the RTs were significantly slower for
the more difficult problems than for the easier ones (all ps < 0.001), but
this difference depended on the children's age (11 years: ΔRT = 2.14 s,
d = 0.55; 12 years: ΔRT = 2.75 s, d = 0.75; 13 years: ΔRT = 2.95 s,
d = 0.88).

4. Discussion

This study assessed the impact of realistic listening conditions in
classrooms on the ability to perform mental calculations, focusing on
11- to 13-year-old children. In particular, we investigated whether, and
to what extent, different noisy conditions interfered with maths perfor-
mance of students of different age, and at different points in their school
careers. We wanted to consider task complexity as well, since a key issue
in maths achievement concerns the intrinsic difficulty of the topic. No
published studies to date (to our knowledge at least) have examined the
influence of noise exposure on verbally-presented maths tasks in a large
sample of school children.

A different effect of listening condition on maths performance was
observed, depending on the difficulty of the problem to solve and
the children's age. Performance (both accuracy and RTs) was nega-
tively affected by classroom noise but only for easier maths problems,
whereas this was no longer the case for more difficult problems, for
which there was no difference in performance between quiet and noisy
conditions. A detrimental effect of classroom noise on accuracy was
seen for the youngest students, but the influence of listening condi-
tion gradually disappeared in the older children. Going against our
initial hypotheses, older children did not solve problems faster, de-
spite their greater expertise as a result of more schooling and more re-
fined capacity for allocating their cognitive resources. All pupils' RTs
were slower for the harder problems whatever their age, though the
difference in RTs between the easier and harder problems was great-
est for the 13-year-olds. It is worth noting that the negative effect
of classroom noise compared with the quiet
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Fig. 1. Accuracy in the mental calculation task: (A) by age and listening condition, with data averaged over level of difficulty of the problem; (B) by listening condition and level of
difficulty, with data averaged over age. Box plots show the median (middle line), mean (white circle) and interquartile range of the data distributions; outliers are shown as black circles
outside the whiskers. The regions around each boxplot are symmetrical representations of the data distribution. The dashed horizontal line represents the chance threshold of 33% for the
three-option, forced-choice paradigm.

condition caused a general worsening in performance, affecting both ac-
curacy and RTs, with no sign of any trade-off between speed and accu-
racy.

It might be argued that these effects of background noise on maths
task performance could be at least partly influenced by the verbal
presentation of the problems, since background noise inter

feres with the peripheral auditory processing of a verbal signal, mak-
ing it less intelligible. The SNR of 0 dB used in the experiment was
carefully chosen to minimize this possibility, however, and ensure a
near-ceiling intelligibility. Published studies on the identification of
digits in noise have shown that, with such a SNR, 100% of correct
responses are achieved by both adults (Houben, van Doorn-Bier
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Fig. 2. Response times (in s) for correct answers: (A) by listening condition and level of difficulty of the problem, with data averaged across ages; and (B) by age and level of difficulty,
with data averaged across listening conditions. Box plots represent the median (middle line), mean (white circle) and interquartile range of the data distribution; outliers are shown as
black circles outside the whiskers. The regions around each boxplot are symmetrical representations of the data distribution.

man, & Dreschler, 2013) and children 10–12 years old (Koopmans,
Goverts, & Smits, 2018) in stationary and fluctuating background
noise.

The interfering effect of noise in the classroom on performance
was predicted in the light of previous studies tackling noise, acad-
emic proficiency (e.g., Dockrell & Shield, 2006), and cognitive

processes. Based on the assumption of the duplex mechanism (Hughes,
2014), a background noise may evoke the interference by process or
the attentional capture mechanism of auditory distraction, or even a
combination of the two, depending on its characteristics (i.e., tem-
poral envelope, spectrum, presence/absence of semantic content), and
on the type of focal task (Klatte et al., 2010). In the
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present study, it was only in classroom noise that children performed
less well than in quiet. Unlike traffic noise (which has a stationary
temporal envelope), classroom noise has temporal fluctuations that re-
flect the flow of amplitude modulations of speech, while also including
salient events typical of a working classroom. Assuming an interference
by process mechanism, the deterioration in mental calculation perfor-
mance could be explained by the changing state of the classroom noise,
yielding an irrelevant sound effect (ISE). Even though the ISE is typi-
cally seen in tasks using serial recall, evidence of its effects in adults has
also been found for mental arithmetic problems involving the retention
and retrieval of running totals in the correct order (Banbury & Berry,
1998; Perham, Hodgetts, & Banbury, 2013). The interference by
process mechanism does not explain the significant effects of both age
and task difficulty on children's performance, however. The attentional
capture mechanism might be better to enlighten the pattern of our re-
sults.

The negative effect of noisy conditions was modulated by our partic-
ipants’ age (though only for accuracy, not for RTs), with younger chil-
dren more affected by a noisy environment than older children. The (de-
velopmental) age differences were especially evident in the classroom
noise condition, given its attentional capture potential. Previous studies
showed that younger children have a greater tendency than older chil-
dren or adults to disengage from a task in the presence of background
noise, regardless of the nature of the task itself (Klatte et al., 2013).
The review by Klatte et al. (2013) clearly showed that children are
more vulnerable to environmental noise than adults, as their cognitive
functions are still developing and consequently more prone to disrup-
tion. Based on previous findings, we could thus attribute the better per-
formance of older students to a greater capacity to allocate their cog-
nitive resources or direct attentional control (Elliott, 2002; Klatte et
al., 2013). Unfortunately, these are only speculations as the present
study did not include any cognitive measures. Although several stud-
ies have demonstrated that attention, working memory and executive
functions relate to complex aspects of learning, such as reading compre-
hension (Borella & De Ribaupierre, 2014bib_Borella_and_De_Rib-
aupierre_2014; Butterfuss & Kendeou, 2018), or mathematics (see
Peng, Namkung, Barnes, & Sun, 2016, for a meta-analysis), the ex-
tent to which these cognitive functions are variously engaged in com-
plex tasks performed in noisy conditions still remains to be clarified.

As for task difficulty, we found that noise had a detrimental effect
on performance in solving the easier problems (it was associated with
a lower accuracy and longer RTs), but no such effect on performance
in solving the more difficult ones. As Dockrell and Shield (2006)
suggested, a possible explanation for this unexpected result lies in that
a more complex maths task implicitly encourages children of any age
to actively focus their attention on the task in hand. The difficulty of
a task, time constraints, motivation and individual capacity all influ-
ence how much we concentrate, and higher levels of concentration have
been shown to protect against the negative impact of noise on task per-
formance (Sörqvist & Marsh, 2015). In our study, the more difficult
maths problems, which were already associated with a worse perfor-
mance, masked the detrimental effects of noise. In other words, when a
task is difficult, the presence or absence of noise does not seem to affect
accuracy or RTs, because the task absorbs all the available cognitive re-
sources. Based on the attentional capture mechanism, a greater engage-
ment in the task (obtained by making the problems more difficult) had
the effect of shielding the children's performance against external audi-
tory distractions (Hughes, 2014). This explains why there was no ef-
fect of classroom noise for more difficult problems, when performance
was much the same as in the quiet condition. More specifically, a higher
working memory capacity gives rise to a more steadfast locus of at

tention, coinciding with a substantial attenuation of background en-
vironment processing, when a task is more difficult (see Sörqvist &
Rönnberg, 2014; Sörqvist, Stenfelt, & Rönnberg, 2012). Such a
shielding effect would stem from a more limited processing of un-
wanted, task-irrelevant background sounds (Sörqvist et al., 2012;
Marsh, Sörqvist, & Hughes, 2015; Marsh et al., 2018), and a more
persistent attention (i.e., the attentional focus on the task is less eas-
ily diverted by the noise; Hughes et al., 2013). In the studies cited,
the demands of a task were raised by increasing either the cognitive
load (e.g. greater memory load) or the perceptual load (e.g. greater diffi-
culty in perceiving the stimulus) of the task. Studies with adults indicate
that higher task demands shield recall of written prose and text mem-
ory against background noise (Halin, Marsh, Hellman, Hellström, &
Sörqvist, 2014; Halin, 2016). In other words, a harder task prevents
adults from being distracted by background noise. The present findings
extend this pattern of results to children and to mental calculation tasks.

4.1. Limitations, future directions and conclusions

Although the present research offers new insight, some limitations
need to be acknowledged. As stated previously, children's learning expe-
riences also depend on their cognitive development. When specifically
considering maths learning, a large body of literature has confirmed
the constant, moderate effect of working memory components (Cavi-
ola, Colling, Mammarella, & Szűcs, 2020; Friso-Van Den Bos,
Van der Ven, Kroesbergen, & Van Luit, 2013bib_Friso_Van_Den_-
Bos_et_al_2013; Peng et al., 2016). Further research should replicate
our findings with a study design including cognitive measures as we did
not directly assess students' cognitive resources. It would be reasonable
to wonder whether our findings simply reflect a general trend towards
the differentiation of children's cognitive skills as they grow older - as
suggested by Klatte et al. (2013) - or whether other competences come
into play, such as metacognition or motivation. Future studies might
therefore include a comparison with young adults.

Another limitation of the present study lies in that the types of back-
ground noise considered did not include informational masking. This
type of masking occurs when a speech signal cannot be separated from a
noise due to the similarity of their characteristics (von Lochow et al.,
2018). It interferes with the signal “inside the perceiver, in the percep-
tual process” (Lidestam, Holgersson, & Moradi, 2014). To give an
example, it happens when the noise is (partly) intelligible speech com-
ing from two or more concurrent talkers, a common condition in the
classroom setting. As shown in the report by Meinhardt-Injac et al.
(2015), a noise with informational components may have a greater at-
tentional capture potential for children solving a maths task than back-
ground noises including a more “energetic” masking, such as those con-
sidered in the present study. It may be that noise generating informa-
tional masking would have a negative impact on children's performance
when they are solving more difficult problems too. This hypothesis war-
rants further, dedicated studies, possibly also exploring how the number
of competing talkers influences children's performance in a verbally-pre-
sented mental calculation task.

Alongside such theoretical implications, our results points to some
issues that might be further explored. For example, the interaction be-
tween the difficulty of a maths task and the individual's age. Maths is
a multifaceted domain, and a whole host of cognitive resources con-
tribute to performance. Young children's maths competence is mea-
sured in terms of proficiency in counting or basic arithmetical skills,
whereas high-school students must be able to solve problems involv-
ing complex functions and integral equations, for instance. In manip-
ulating task complexity, future studies should there
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fore make an effort to consider the developmental trajectory of both con-
ceptual/procedural knowledge and cognitive resources.

Another aspect that may inspire future studies concerns the choice
of how a task is presented. We opted for a verbally-presented mental
calculation task in order to maintain a strong adherence to typical class-
room activities (e.g., teachers usually assess this ability by saying prob-
lems aloud and waiting for children's verbal answers). Future studies
could nonetheless explore the interaction between background noise,
children's age and task difficulty in the event of a visually-presented
mental calculation task.

In conclusion, our findings suggest a different theoretical framework
in which to consider the relationship between background noise and
maths skills. Our data seem to illustrate a chain of relations between
background noise and educational achievement - in maths, at least – in
schoolchildren in grades 6 to 8. Different types of noise seem to affect
learning performance differently at different ages and depending on the
difficulty of the task in hand. This finding warrants further investiga-
tion to see if the same applies to other areas of learning too. While more
work on this topic is needed before we can claim to have a thorough un-
derstanding of the dynamics between noise and performance in solving
maths problems, pooling the multidisciplinary competences of acousti-
cal engineering and psychology could contribute to promoting the acad-
emic success of students with and without maths learning difficulties.
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