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Abstract

For employees working in open plan offices, speech noise is now recognised as the main
source of disturbance. In the literature, a series of studies on open spaces have found that
the increased speech intelligibility happens to decrease the performance during a short-
term memory task. The theoretical model proposed by Hongisto relates the decreased
performance (DP) to the Speech Transmission Index (STI). The model predicts that for STI
values from 0.7 to 1, which correspond to a speech signal with an intelligibility of almost
100%, the DP remains constant at 7%, but few studies have examined the high end of this
range. Here, we investigated the relationship between the DP and the STI by varying the STI
up to 0.9. Fifty-five subjects between 25- and 59-years-of-age participated in the
experiment. Subjects performed a short-term memory task in silence and in four different
sound conditions (STI from 0.25 to 0.9). The task itself was personalised by prior
measurement of mnemonic span. It was thus possible to define two different cognitive
loads (low/high) based on the mnemonic span value determined for each subject. Subjects
subjectively assessed the mental workload and sound annoyance at the end of each short-
term memory task in each sound condition. Significant interactions between STI and DP,
mental workload and sound annoyance were found. In addition, the age of subjects

correlated significantly with their performance during the short-term memory task.

Keywords: Open plan offices, Speech Intelligibility, Performance, Mental workload, Sound

annoyance
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1. Introduction

An open plan office can be defined as a workspace designed to host more than five people
without complete separation between the workstations [1]. These spaces are economical
for the employer, who also presume, even if there is no scientific proof, that they facilitate
teamwork. Nevertheless, in open plan offices noise is considered to be a major source of
disturbance by employees [2-4]. By analysing types of noise, field studies indicated that
speech generated by other occupants of the space was the most disturbing type of noise [5-
7].

The perturbing effect of speech is linked to Irrelevant Speech Effect (ISE), which describes
how a vocal signal can perturb a task involving short-term memory [8, 9]. In laboratory-
based experiments, the ISE was particularly observed when participants were asked to
retain lists of words or digits presented visually, called a serial recall task, while
simultaneously exposed to speech. If the participants were exposed to speech, their
performance degraded significantly during the serial recall task [10, 11]. Several
experiments have attempted to identify the parameters of speech causing this effect (see
[12] for review). It appears that the effect of the nonstationary nature (in amplitude and
frequency) of the signal was found to be significant. In addition, a non-speech signal that
presents similar characteristics to speech also disrupts the accomplishment of the task.
Researchers therefore considered that the ISE should be redefined as an Irrelevant Sound
Effect.

However, in an open-plan office, nonstationary signals that may be overheard by an
occupant will mainly be speech. This fact justified the search for intelligibility indicators,

which could predict the decrease in performance created by these signals. The Speech
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Transmission Index (STI) developed by Steeneken and Houtgast (1980) [13] is commonly
used to assess this intelligibility. This indicator can be used to quantify the degradation of a
speech signal as it travels from the source to the listener’s ear. The STI takes into account
the acoustical properties of the room, the hearing threshold of the listener and spectral
masking phenomena. It ranges between 0 and 1. Intelligibility is very poor at STI values
between 0 and 0.2 or 0.3 and very good at values greater than 0.7 or 0.8 (rated by IEC
60268-16 standard [14] as “Not difficult: no effort is required, equivalent to a relaxed listening
condition).

Several studies investigated the relation between intelligibility of a speech signal in
different background noises, characterised using the STI, and performance during a short-
term memory task. By observing the results of several studies, Hongisto (2005) [15]
proposed a model linking the STI and the decrease in performance (DP), defined as the
difference between the percentage of errors made in the sound condition and that

measured in a control condition, generally silence:

DP = Perf ontroi — Perfnoise (1)

The following model was proposed:

-7
DP = + 7 [%] (2)

v e (Mogs)

Based on this relation, illustrated in figure 1 by the continuous line, for STI values between
0.25 and 0.6, the DP will be very sensitive to STI. Beyond this value, the DP will remain
almost constant at 7%. According to Hongisto, this ceiling value of 7% may differ depending

on the type of task used in the experiment.
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This relation between STI and DP was taken in consideration in the ISO 3382-3 standard
(2012) [16] to define the indicators used to assess noise quality in open-plan offices. Among
the assessment indicators, two distances were defined and were directly linked to the STI:
the distraction distance and the privacy distance. The distraction distance represents the
distance between the speaker and the listener from which the STI remains less than 0.5. For
a distance less or equal to the distraction distance, the speaker's voice is considered to
remain intelligible, but its effect on the work performance of the other occupants will
remain acceptable. According to Virjonen et al. (2009) [17], the value STI = 0.5 is selected to
limit effects of speech on work performance. The other distance, the privacy distance, can
be defined as the distance from which an STI value of 0.2 is reached (speech is no longer
intelligible). According to Virjonen et al. (2009) [17], the value STI = 0.2 is selected to avoid
any effect of speech on work performance. However, there is no evidence for defining target
values for the STI and the two distances. These two values were chosen without considering
the variability of the experimental data represented in figure 1 [15, 18-23]. These data are
taken from the articles discussing the relation between decrease in performance and STIL
From these data, no major variations of the DP are visible between STI = 0.2 and STI = 0.
Thus, the intelligibility effect on the DP can be considered negligible in this range. In
contrast, for STI = 0.5, significant variability between studies is observed (the DP varies
between 2% and 14%). As a result, this value cannot be defined as a “target value” used for
the definition of the distraction distance. In addition, studies using STI values lower than 0.7
may have used different protocols which can explain this variability between the
experiments of the figure 1. For example, Jahncke et al. (2013) [21] asked participants to

remember words, whereas in other experiments, lists of digits were used. Schlittmeier et al.
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(2008) [23] and Liebl et al. (2016) [22] applied a retention phase of 10 seconds, whereas
participants could give their responses as soon as the last item had been presented in the
protocols used by Ellermeier and Hellbriick (1998) [19] or Jahncke et al. (2013) [21]. This

can complicate the comparison of the results from these different experiments.
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line) and the fitted linear regression model (dashed line; r?=0.48) for all data points

included in the experiments.

Moreover, some of the results presented in figure 1, such as those presented in Jahncke et
al. (2013) [21] fit to the plateau effect described by the Hongisto model [15]. However, for
others, no saturation was observed at high STI values. Thus, Schlittmeier et al. (2008) [23]
varied the STI between 0.3 and 0.8 (STI values calculated and reported in figure 1 of
Jahncke et al. (2013) [21]) and observed a constant increase of the DP. Later, Liebl et al.
(2016) [22] varied the STI between 0.37 and 0.8. They found a significant difference
between the given DP value for the condition where STI = 0.8 and all the other DP values.
These results show that Hongisto’s model is not clearly validated using the results shown in
the literature.

Furthermore, in addition to the Hongisto’s model [15], in figure 1 we have also represented
(dashed line) a linear regression linking the different experimental points. This linear
model was inspired by a model proposed by Schlittmeier et al. (2012) [24]. These authors
proposed that the decrease in performance is directly proportional to the fluctuation
strength defined by Zwicker and Fastl (2013) [25]. This indicator is strongly linked to
amplitude modulations of a signal. Its maximum is reached at a modulation frequency close
to 4 Hz, which corresponds to the mean syllabic flow of a constraint-free discussion. This
finding appears to confirm that the fluctuation strength increases with the intelligibility of
the speech signal, and thus with the STI. In the article [24] a linear regression with a
coefficient of determination of r?=0.55, justifies the relation between the decrease in

performance and the fluctuation strength. In addition, while isolating only the speech sound
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conditions the coefficient of determination of the linear regression, is still fairly low
(r?=0.51).

Therefore, a first goal of this study was to provide further experimental values of the
decrease in performance in situations where speech intelligibility was found to have a
significant impact such as the indications given in the ISO 3382-3 standard (2012) [16] (for
STI values between 0.2 and 0.5), and to examine situations where speech intelligibility is
particularly high (STI greater than 0.7) so as to test the two models (linear or sigmoidal).
Additionally, beside performance, one can also be interested in the mental workload felt by
participants. According to Galy et al. (2015) [26], the mental workload helps to understand
how one person mobilizes his mental resources to perform a certain task. The mental
workload is a function of individual characteristics (cognitive capacities for example) and
environmental characteristics. In real open-plan offices, noise is likely to increase this
workload while people try to maintain their performance level. Generally speaking, it is
well known that people have different short-term memory capacities. Consequently, a
short-term memory task with a fixed number of elements to retain can be harder for some
participants than for others, because it generates a higher mental workload. Although this
variability has no influence on decrease of performance (see [27] for review), it can be
hypothesized that this it will increase the dispersion of individual workload measurement.
As an example, in Ebissou et al. (2015) [18] two groups could be established within the
panel of 57 participants, according to individuals' overall performances. For the high-
performers group, the mental workload measured using the NASA-RTLX (NASA Raw Task
Load Index) [28, 29], was also lower than the mental workload evaluated by the low-

performers group and this workload did not vary with STI. At the same time, workload
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appeared to increase with STI for the low-performers group. Similarly, Brocolini et al.
(2016) [30] also found that the task was more demanding for the low-performers group.

Based on those results, a second goal of this study was to adapt the difficulty of the task to
each subject's short-term memory capacities by using a mnemonic span test, in order to
check whether this can make more apparent the influence of speech intelligibility to mental

workload.

2. Experimental procedures

The experiment performed for this study aimed to assess the sound-related decrease in
performance using a repeated short-term memory task in different sound conditions. The
experiment was conducted in the audiometric test booth at the Laboratory of Vibrations
and Acoustics (LVA) at INSA-Lyon. The dimensions of the booth were 2.4 x 3.4 x 2.2 meters

and the global reverberation time was inferior to 100ms, starting from 250 Hz.

Figure 2. The audiometric test booth during the experiment

10
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Inside the booth (figure 2), the participant was seated on a chair in front of a table. On the
table, a screen and mouse were placed and linked to the computer piloting the experiment.
The computer was located outside the room. The distance between the screen and the
subject’s head was around 0.45 m. A loudspeaker (Tapco S8) was placed in front of the
subject/behind the screen. The loudspeaker was placed higher than the screen (around 1
m) and at a distance of around 0.7 m from the subject. A microphone, used to record
answers that were given orally by the subject, was placed on the table beside the screen.

The loudspeaker in the room was equalised in 1/3- octave bands to obtain a flat frequency
response at the subject’s position. This equalisation was performed using a digital equaliser
(Behringer ULTRA-CURVE PRO DSP8024). Figure 3 shows the 1/3-octave bands spectrum
for a pink noise measured by an acoustic dummy-head (with the microphones position
inside the blocked ear canal) at the subject’s position (mean sound levels of both ears of the

dummy-head), before and after equalisation.
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Figure 3. Spectrum for a pink noise in the listener’s position before (blue) and after

(red) equalization.

2.1.Participants

Fifty-five people, 26 women and 29 men, participated in this experiment. Their age ranged
between 25- and 59-years-of-age (mean: 41 years, median: 43 years). All participants were
informed of the nature and duration of this experiment. They were paid as compensation
for their participation in this study.

Prior to the test itself, participants’ hearing was tested using an audiometric test to identify
any hearing loss. According to the BIAP (International Bureau for Audiophonology), hearing
loss is calculated as the mean of losses for frequencies from 500 Hz to 4000 Hz (see
https://www.biap.org/en/). By considering the best ear for each subject, 45 subjects were
considered as normal-hearing subjects, having hearing losses of less than or equal to 20 dB.
Six people had a hearing loss between 22 and 25 dB, and four had a hearing loss between
30 and 35 dB. According to the BIAP guidelines, these individuals present mild hearing
impairment. For these subjects, “Speech is perceived if the voice is normal, difficulties arise
if the voice is low or distant from the subject. Most of the daily life noises are perceived”.
After the experiment, we could not find any evidence that the different performers
depended on the hearing threshold of the participants. Based on these results, for this
experiment, no subject was considered to have severe hearing loss. The data for all 55

subjects were therefore retained.

2.2.Sound stimuli

12
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The participants performed the experiment in five different sound conditions to study the
effect of intelligibility during a short-term memory task. In four experimental conditions,
the task was performed in the presence of speech sounds including a more or less
intelligible speech signal, and in one condition the task was performed in silence. Four
different narrators were used for the intelligible conditions. The sound signals were
presented to the subject at an acoustic level of 55 dB(A), which is supposed to be
representative of the ambient noise level in open plan offices [6].

The signals for this experiment were composed of a stationary babble noise and perfectly
intelligible speech signals. The babble noise was created by superimposing 10 voices of the
same average level from the Hearing In Noise Test (HINT), and temporally reversing them.
The speech signals were taken from a free database of audiobooks on the Internet
(http://www litteratureaudio.com/). Two female and two male narrators were selected based
on the quality of the recording. Then, the signals were cut and cleaned of any possible
noises or recording defects. Long pauses in the narration were also eliminated.

All the files were converted into .wav format. Finally, each signal lasted 9 minutes.

The speech signal for each narrator and the background noise were equalised by octave
band to obtain the omnidirectional version of Long-Term Average Speech Spectrum
(LTASS) as described in ISO 3382-3 standard (2012) [16]. This equalisation makes it
possible to apply an identical level of acoustic pressure for each octave band without
distinguishing between female and male narrators. Each extract was then added to the
background noise, maintaining the necessary signal/noise ratios at each octave band and

without any early decay time to produce the target STI values of 0.25; 0.45, values chosen in

13
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the transition zone (0.2<STI<0.5) of Hongisto’s model, and 0.75; 0.9, values chosen in the in
the zone of the hypothetical plateau of Hongisto’s model (0.7<STI).

The 16 signals created (four narrators x four noise conditions corresponding to the STI
values for the experiment) were then normalised to obtain the same effective acoustic
pressure value.

Finally, using the data-acquisition card and the acoustic measurement system, the
amplitude of the signals was adjusted to obtain an overall noise level of 55 dB(A) at the

subject's position.

2.3.Protocol
The experiment took place in two phases. The first phase was performed in silence and
consisted in measuring the participants’ mnemonic capacities and other psychological data
which could lead to variability between individual results. The second phase included the
short-term memory task, performed in one of the five sound conditions described above.
The total duration of the experiment was around one hour and 30 minutes (40 minutes for
the preliminary phase and 50 minutes for the main phase). One third of the participants

started the experiment at 10 AM, one third at 2 PM and one third at 4 PM, approximately.

2.3.1. Preliminary phase

This phase included the four following steps:

- Measurement of mnemonic capacities [31], i.e.,, the subject’'s maximal capacity to
memorise a certain number of elements and repeat them immediately after hearing them.

The participant had to retain lists of numbers which were presented orally without

14
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background noise, at a pace of around one number per second. Immediately after the list
had been presented, the subject repeated the numbers that they had retained in reverse
order. The number of elements on the list increased every two lists (from two), until the
participant could no longer retain all of the numbers presented. The mnemonic value
therefore corresponds to the number of elements on the last list repeated correctly. This
value was used to customize the number of elements that the participants had to retain
during the short-term memory task, which is part of the second goal of this study.

- STROOP task [32], to assess the subject’s sensitivity to interference effect due to the
presence of irrelevant information while performing a cognitive task. Sensitivity to this
interference effect was measured by performing the STROOP test in three stages:

* Firstly, the name of a colour (red, blue, green) was presented on the screen (font: 64-

point Helvetica) alongside three buttons corresponding to the three possibilities.
The subject had to click as fast as possible on the button corresponding to the word
displayed. This action was repeated 100 times successively.

* Secondly, coloured squares measuring 4 x 4 cm (red, green, blue) were displayed on
the screen, sequentially, beside the three boxes corresponding to the three
possibilities. The subject had to click as fast as possible on the button corresponding
to the colour of the square. This action was repeated 100 times successively.

* Thirdly, the name of a colour (red, blue, green) written in a different-coloured font
(red, blue, green) and three buttons corresponding to the three possibilities were
displayed on the screen. The font and button sizes were identical to those used in the

previous stages. The subject had to click as fast as possible on the button

15
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corresponding to the colour in which the word was written. This action was
repeated 100 times successively.
The time required to complete each stage was measured. Finally, a weak interference
index was calculated as the ratio between the time to complete the first stage and the
time to complete the second stage, and a strong interference index was calculated based
on the ratio between the time to complete the third stage and the time to complete the
second stage. It was assumed that this sensitivity to this interference effect could play a

role on the cognitive load exerted to the participant by the short-term memory task.

- The Thayer questionnaire [33] was used to assess the participant’s energetic arousal.
It consists of 20 questions. The participant was asked to answer these questions
initially before starting the short-term memory task and at the end of each sound
condition (main phase). The measurement of the energetic arousal during this study
is an attempt to better explain the high interindividual variability of the performance

during the short-term memory task.

2.3.2. Main phase
This phase of the experiment was designed to measure the effects of speech intelligibility
on performance and the annoyance induced during a short-term memory task.
Participants were asked to retain a series of words. Before each series, a cross, known as a
fixation cross, appeared in the centre of the screen for three seconds. This cross was
followed by a list of words which appeared one by one. The words were written in black on
white background, in 64-point Helvetica. Each word remained on the screen for one second.

The words followed each other without interruption. When the list was finished, the screen

16
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remained white for three seconds (retention phase). When the screen displayed “Over to
you”, the subject had to repeat the words they remembered out loud, in no particular order.
The message “C’est a vous” (“Over to you”) remained displayed for 15 seconds, which
corresponded to the maximum time allowed to the subject to repeat the words they
remembered. No feedback was provided to participants, and their answers were recorded
in audio files.

The subject repeated this task 16 times in the five noise conditions. For each noise
condition, the cognitive load was either:

* high, by providing a list of words that was longer than the subject’'s mnemonic
capacity. In our case, if the subject’s mnemonic value was n, the list displayed on the
screen during the task with a high cognitive load would have n+2 words.

* low, which corresponded to a list of words that was shorter than the subject’s
mnemonic capacity. In our case, if the subject’s short-term memory was n, the list
displayed on the screen during the task with a low cognitive load would have n-1
words.

The subject performed the memorisation task eight times with a high cognitive load and
eight times with a low cognitive load in each sound condition. The order of presentation of
each series (with a high cognitive load or low cognitive load) was random.

The lists of French words used for this task were chosen from the lexical lists published by
D. Dubois and ]. Poitou (2002) [34]. The categories used during this experiment were:
Animals, Drinks, Buildings, Furniture and Sports. Each category consisted of 30 words,
selected based on their frequency of use in everyday language. One category was used for

one condition. The order of categories of words was different for each condition.

17
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For each condition, one of the 16 9-minute sound signals mentioned in part 2.2 was used.

Permutation of these signals was performed on the principle of a (4x4) Latin square or

Klein group.

During the experiment, the subject was exposed to five different noise conditions, one of

which was the control condition, or silence.

During each condition and for each task, the sound environment was initiated during the

last second of the display of the fixation cross and was terminated during the last second of

the white screen, before the appearance of the “Over to you” message.

The order in which conditions were presented was different for each subject. This order

was based on a (5x5) Latin square to limit order effects linked to the sound source.

After completing the experiment in each condition, the experimenter entered the booth to

ask the participant if he had found the task difficult and where the difficulty was

encountered. This intervention also allowed the subject to take a rest between conditions.

This rest period ensured that the results for each condition reflected only the sound

annoyance. After this intervention, the subject answered three questionnaires in relation to

the condition that they had just completed. These questionnaires were presented to the

subject on a graphical interface in the following order:

* The first questionnaire assessed the sound annoyance simply by asking the question:
“Were you perturbed by the noise?” [35]. Answers were given on a Visual Analog
Scale (VAS).
* The second questionnaire, NASA-RTLX, assessed the mental workload through five

questions based on: mental demand, temporal demand, performance, effort and

frustration [28, 30].
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e The third questionnaire was the Thayer questionnaire [33] which the subject had
already completed before starting the experiment.
For the control condition (silent background), the question on sound annoyance was,

naturally, not presented.

3. Results
Statistical analyses were performed using STATA software (version 14).

3.1.Overall results
During the mnemonic span test, participants had an average mnemonic value of four (1
participant had a mnemonic value of two (single element to be retained for the low
cognitive load); 11 participants had a mnemonic value of three; 19 participants had a
mnemonic value of four; 21 participants had a mnemonic value of five; 2 participants had a
mnemonic value of six; and 1 participant had a mnemonic value of seven). Therefore, the
numbers of items to be retained during the main phase therefore varied for each
participant between one and six for the low cognitive load condition and from 4 to 9 for the
high cognitive load condition.
3.2 Decrease in performance

For each sound condition, performance was calculated using the following relation [18, 30]:

numbercorrect words — numberincorrect words)

Performance = 100 * (
numbertoral words

(3)

Then, relation (1) was used to determine the DP for each individual noise condition.
The effect of the running order of each condition was also analysed. For example, for the

silent condition, participants were split into five groups of 11 subjects based on the running
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order (those who were presented with the silent condition first, those who were presented
with the silent condition second, etc.). The average performances for the five groups were
compared and revealed no effect of the running order for the silent condition. The same
procedure was applied for the four other conditions, and no effect of the running order was
found in any case. Subsequent analyses were therefore performed by grouping all
participants.

Analyses of variance (repeated measures) were performed, the dependent variables were a
parameter measured (performance, annoyance, mental workload) and the intrasubject
factor was the sound condition. For the decrease in performance (where the intrasubject
factor had four levels, corresponding to the four STI values), the effect of the STI was
significant though small: F(3, 162) = 4.25, p<0.01, n?> = 0.015. Figure 4 shows how the DP
changed with the increasing STI. The horizontal bars link the STI levels for homogeneous

groups as defined by Tukey’s HSD.
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Figure 4. The DP with confidence intervals (95%) as a function of STI

Analysis of variance can also be performed for the DP measured in the two different
cognitive load conditions. In this case, two intrasubject factors exist: STI (4 levels) and
cognitive load (2 levels). The effect of cognitive load was not significant (F(1,54) = 3.01, p =
0.055), nor was there any interaction between cognitive load and STI values (data not
shown, F(1,54) = 0.87, p = 0.46). However, the significant effect of STI was still visible
(similar to that shown in figure 4). In contrast, when raw performance was considered, the
cognitive load was a significant factor (F(1,54) = 752.7, p < 0.0001, n* = 0.93). The average
performance, calculated across all sound conditions, was 92% in the low cognitive load
condition and 55% in the high cognitive load condition. As expected, the customization of
the task throughout the measurement of the mnemonic span value (n) did not influence the
ISE [36-38].

The sound condition also influenced the mental workload estimated by participants, as
indicated by their responses to the NASA-RTLX questionnaire. As shown in figure 5, this
workload was lower in the silent condition and increased constantly with the intelligibility

of speech (F(4,216) = 7.5, p<0.0001, n? = 0.034).

21



397

398

399

400

401

402

403

404

65

60

|
|

NASA-RTLX (%)
(0]
o

45 "/

40
Silence 0,25 0,45 0,75 0,9

Sound conditions - STI

Figure 5. The NASA-RTLX score with confidence intervals (95%) as a function of sound

conditions

A similar result was found for the sound annoyance described by participants, which was
only assessed for the noisy situations. As shown in figure 6, the effect of the STI was

significant (F(3, 162) = 8.6, p<0.001, n* = 0.051) and the curve had a similar general profile

to that linking STI and performance (figure 4).
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Figure 6. Sound annoyance with confidence intervals (95%) as a function of STI

3.2.Supplementary findings
The results of the mnemonic span test performed at the start of the experiment, were used
to personalise the complexity of the task. Analysis of data showed that for the low cognitive
load condition the individual performances were relatively uniform: apart from four

participants, the average individual performances in this situation were between 80 and

100% (figure 7).

23



414

415

416

417

418

419

420

421

422

423

Low cognitive load High cognitive load

40 60 80

Percentage of observations (%)
20

0 50 100 O 50 100
Performance (%)

Figure 7. Histograms of performance for the low cognitive load condition (left) and the high

cognitive load condition (right)

In contrast, in the high cognitive load condition, much greater interindividual variability
was observed, extending from 26% to 85%.

The study of performance was continued by clustering the subjects with respect to their
performances during the high cognitive load condition in the five sound conditions
(hierarchical clustering, Euclidian distance and Ward method). This analysis clearly

revealed two separate clusters of participants (figure 8), composed of 21 and 34 subjects.
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Observation of the average performances in the two groups, as a function of the sound
conditions (figure 9), confirmed that the two groups of subjects were separated based on
their general performance levels. The average performances for the two groups were 41.6%
(group 1) and 63.4% (group 2) in this high cognitive load condition. It should be noted that
the high performances observed for group 2 were also detectable in the low cognitive load
condition, where average performances were 86% for group 1 and 97% for group 2.
However, either the mental workload or the perceived noise annoyance did not depend on
the group factor established by the cluster analysis (respectively F(1,53) = 0.38, p = 0.5, 1> =
0.002 and F(1,53) = 0.05, p = 0.82, n* = 0.001). As expected, the short-term memory task

was similarly demanding for all participants.
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Figure 9. Performance confidence intervals (95%) during the short-term memory task as a

function of sound conditions for the two groups of participants

3.3.Energetic arousal
The final measurement performed during this study was that of energetic arousal of the
participants at the beginning of and during the experiment. This measurement allowed us
to identify any effect of “fatigue” that the participants might encounter during the
experiment. Energetic arousal was measured using the Thayer questionnaire. This
questionnaire was completed between each sound condition (six sessions where the first
session is considered as the initial session). To verify that the time at which the experiment
was started did not affect our results, an ANOVA was performed on results from the initial

session performed before starting the short-term memory task. Participants were

26



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

separated into three groups depending on the time of day at which the experiment was
performed (approximately 10 AM, 2 PM and 4 PM). The analysis showed that there was no
significant difference between groups based on time of day (F(2,53)=0.44, p=0.65).
Similarly, the sound conditions did not significantly affect the energetic arousal
(F(4,212)=0.76, p=0.55).

In figure 10, the average level of the energetic arousal (which can vary between one and
four) is plotted as a function of the running order of the questionnaire throughout the
experiment, for the two groups of participants. The initial session was before the start of
the experiment, and session five was after the final sound condition. Energetic arousal can
be seen to decrease over time. A repeated-measure ANOVA revealed this effect of time on
the energetic arousal to be significant (F(5,265)=4.43, p<0.001, n2 = 0.016). A post-hoc
Tukey HSD, represented by the horizontal bars in figure 8, showed that a significant
difference exists between the first test completed (initial session) and the last test (session

5).
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467  This analysis also revealed a significant difference between the two groups of participants
468  (F(1,53)=8.46, p<0.01,n? = 0.142). In addition, using a post-hoc Tukey HSD (represented by
469  the horizontal grey bars on figure 10), a significant decrease of the energetic arousal was
470  detected during the experiment for group 1, with a significant difference between session
471  five and the initial session. In contrast, the alertness of the second group, although lower
472  overall, remained constant throughout the experiment.

473

474 4. Discussion
475 This study aimed to explore how high values of speech intelligibility affected the
476  performance during a short-term memory task as well as subjective indicators of sound

477 annoyance and mental workload. A method to adapt the main task to the mnemonic
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capacities of the participants was proposed. The results of the experiment were analysed
using previously proposed indicators to better understand how speech intelligibility
affected the participants in this experiment.
4.1.Main objectives
4.1.1. Decrease in performance

For this type of experiment, DP is an indicator reflecting the impact of sound during a
complex task. The analysis of variance on the results clearly showed an effect of
intelligibility on the DP. This effect is relevant to previously published results for the
experiments described in part 2.1. As one of the aims of this study was to identify a specific
effect of high STI values, we examined values beyond those studied in most publications. As
shown in figure 3, no increase in DP was observed for STI values equal to 0.9. These results
therefore appear to support the Hongisto model (described by equation (2)) [15] rather
than the linear model.

However, our results reveal that the choice of STI value = 0.5 to calculate a distraction
distance is not relevant, based on the effects of speech intelligibility on the DP. The ISO
3382-3 standard (2012) [16] indicates that for an STI of less than 0.5, the DP decreases
rapidly. However, our results showed no significance between the different noise
conditions for STIs of 0.25, 0.45, and 0.9. The choice of this target value remains to be

consolidated.

4.1.2. Mental workload
The results of the statistical analysis show the same overall effect of STI on the mental

workload as that reported by Ebissou et al. (2015) [18]. This effect appears to be linear,
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unlike the DP. However, a second objective of this study was to decrease interindividual
variability of the mental workload by adapting the task to the mnemonic capacity of each
participant. Ebissou et al. (2015) [18] and Brocolini et al. (2016) [30] showed that with
regard to a cluster analysis based on the individual performances during the short-term
memory task, a group of participants were better in performing the task than the rest of the
panel. This high-performers group had also a lower mental workload. As expected in this
study, this distinction of the mental workload between the two groups is not significant.
Even though the performances of the two groups were significantly different, the mental
workload required by the task was perceived in the same way. For all the participants of the

experiment the mental workload seems to increase linearly with the STI.

4.1.3. Noise annoyance

The results of sound annoyance presented here corroborate those of Schlittmeier et al.
(2008) [23] and Liebl et al. (2016) [22]. This indicator behaves in the same way across the
three studies. For STI values between 0.2 and 0.6, the sound annoyance was not
significantly different. When intelligibility was very high, results from the three studies
indicated a significant increase in sound annoyance.

As with the results of the NASA-RTLX, the sound annoyance was considered similar by the
two groups of participants. We can also report that the sound annoyance is sensitive to the

effect of speech intelligibility for all participants in our study.

4.1.4. Performance
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Two groups of participants were formed based on their performance in the different sound
conditions. In coherence with the literature [27], belonging to one of the two groups is not
linked to mnemonic capacities of each group (Mann-Whitney U test, z=0.65, p>0.5).

Interestingly, we observed that the two groups presented a net mean age difference: 47.8-
years-old for the group performing less well, 37.8-years-old for the group performing
better. This difference was significant (Mann-Whitney U test, Z = 3.867, p = 0.0001). Other
studies have also reported an age effect on memory tasks [39, 40]. The discussed reason to
explain this effect is the decrease of the inhibition capacities, rather than the decrease of the
memorisation capacities per se. Thus, the participants in the first group (who had a higher
mean age) have “more difficulty” ignoring background noise during a short-term memory
task. In the present study, this lack of inhibition can be measured by examining the
sensitivity of the interference effect. Indeed, we can consider intelligible speech as an
irrelevant information which perturbs participants during a short-term memory task of
words. However, the results from the STROOP task, which measures this sensitivity to the
interference effect showed no significant difference between the two groups (Mann-

Whitney U test, z = 0.78 and p = 0.43) for the strong interference index.

4.1.5. Energetic arousal
The results relating to energetic arousal join those of performance when it comes to
separate participants into two groups. Thus, there is a significant difference between the
two groups of participants in terms of energetic arousal. However, the effect is opposite to
that which could have been expected since the most aroused participants were those who

performed least well (group 1). This group also appeared to be the most sensitive to the
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decrease of their arousal over the course of the experiment. Their level of energetic arousal,
although higher, decreased significantly during the experiment, whereas it remained stable
for the best performing group. According to Galy et al. (2012) [41], the level of energetic
arousal determines the amount of cognitive resources that can be mobilised by individuals.
In this study, this arousal does not explain variations in performance for individuals as a
function of speech intelligibility. It therefore appears that the progressive decrease in
energetic arousal over the course of the experiment in individuals performing less well is a
reflection of the effect of a factor which was not considered here. This factor could be the
cognitive assessment of the task (e.g. study of the implementation of strategies employed
during the recall phase and the cognitive load that it represents). The group performing less
well which was composed of older subjects on average, may feel more “threatened” by the
task than the group composed of younger subjects. This hypothesis is in agreement with the
results obtained by Galy and Mélan (2015) [26] who reported that, during a mental
calculation task, individuals who considered the task “threatening” had lower performances
than others, even when their arousal levels were high. Thus, several studies report that
memorisation tasks are considered more “threatening” as age increases (ex.: Chasteen et al.

(2005) [42]).

5. Conclusion

Through this study, we examined the effect of speech intelligibility on performance in a
short-term memory task, using an STI range over which DP varies strongly (values of STI
between 0.2 and 0.7) and DP stays constant (high values of STI). Our results did not show

strong variations of DP between the two lower STI values. Therefore, the target values
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presented in the ISO 3382-3 standard (2012) [16] could not be confirmed. In the high
intelligibility range the results fit better with the Hongisto predictive model [15] than with a
linear model. Participants were divided into two groups according to performance. This
separation could be related to the mean age difference in each group but the exact reason
still stays unclear.

This study was novel in customizing the short-term memory task with the mnemonic span
value for each participant. The customization did not reduce the interindividual variability
of performance, as it could be expected from the existing literature. On the other hand, the
analysis showed that the interindividual variability of the mental workload did reduce. This
approach could be used to measure the influence of finer variations of the sound

environment on mental workload during a short-term memory task.
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