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Unattended background speech is a known source of cognitive and subjective distraction in open-plan
offices. This study investigated whether the deleterious effects of background speech can be affected
by room acoustic design that decreases speech intelligibility, as measured by the Speech Transmission
Index (STI). The experiment was conducted in an open-plan office laboratory (84 m?) in which four
acoustic conditions were physically built. Three conditions contained background speech. A quiet
condition was included for comparison. The speech conditions differed in terms of the degree of
absorption, screen height, desk isolation, and the level of masking sound. The speech sounds simulated
an environment where phone conversations are heard from different locations varying in distance.
Ninety-eight volunteers were tested. The presence of background speech had detrimental effects on
the subjective perceptions of noise effects and on cognitive performance in short-term memory and
working memory tasks. These effects were not attenuated nor amplified within a three-hour working
period. The reduction of the STI by room acoustic means decreased subjective disturbance, whereas
the effects on cognitive performance were somewhat smaller than expected. The effects of room acoustic
design on subjective distraction were stronger among noise-sensitive subjects, suggesting that they ben-
efited more from acoustic improvements than non-sensitive subjects. The results imply that reducing the
STl is beneficial for performance and acoustic satisfaction especially regarding speech coming from more
distant desks. However, acoustic design does not sufficiently decrease the distraction caused by speech
from adjacent desks.
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1. Introduction

Acoustic problems of open-plan offices have been widely docu-
mented in the literature. These problems are not only manifested
as increased noise complaints (e.g., [1]), but have also been associ-
ated with a variety of negative outcome variables, such as noise-
related stress [2], decreased environmental satisfaction |[3],
decreased job satisfaction [3], impaired concentration [4], and
decreases in self-estimated work performance [5]. However, the
environmental problems of open-plan offices are not confined to
office noise. Open-plan offices have also been associated with
increased complaints about most indoor environmental factors
(e.g., [6,1]), lack of privacy (e.g., [7]), decreased satisfaction with
the overall environment [5], increased cognitive workload [7],
increased prevalence of different symptoms [1], and increased
sickness absence [8]. Therefore, it is difficult to separate the effect
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of acoustic conditions on work performance and well-being from
other factors that may confound the perception and the impact
of the acoustic environment.

In recent years, a growing number of researchers have adopted
an experimental approach to study the effects of open-plan office
noise on performance. In this approach, performance effects are
tested with different cognitive tests in laboratory settings employ-
ing methods from experimental psychology. A few of these studies
have tested office noise exposure per se using noise that consists of
a variety of office sounds [9-11]. However, most studies have
focused on the effects of background speech (e.g., [12-17]). The lat-
ter approach is motivated by several reasons. Firstly, speech
sounds tend to be mentioned as the most distracting noise source
by office workers (e.g., [5,18]). Secondly, basic cognitive research
has repeatedly demonstrated that background speech impairs cog-
nitive performance, and that these effects are larger than those
produced by non-speech noise (for a meta-analysis, see [19]).
Thirdly, the practical relevance of this research area has increased
since the publication of a new international room acoustic
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measurement standard for open-plan offices [20] in which reduc-
ing the distraction of background speech is the most essential idea.

The present study focuses on the role of room acoustic design in
decreasing cognitive and subjective distraction that is caused by
background speech.

1.1. Speech intelligibility and cognitive performance

Unattended background speech has been shown to affect
several cognitive tasks, such as short-term memory [21], mental
arithmetic [22], reading comprehension [23], proofreading [24],
and writing performance [25]. According to the interference-
by-process account, the performance disruption depends on the
interplay between the properties of the sound and those of the task
(e.g., [26]). More specifically, performance disruption is caused
when the processes engaged by the automatic processing of the
sound overlap with those needed in the focal task. Thus, the mean-
ingfulness of speech is only seen as relevant in tasks requiring
semantic processing [26], whereas the acoustic variation of speech
explains the decrements observed in serial memory [27], regard-
less of whether the speech is comprehensible or not [24].

Unlike with some other noise sources, the performance impair-
ment caused by speech does not depend on the sound pressure
level, but rather on the intelligibility of speech [28,29]. While the
effects of speech on performance have been extensively
researched, few researchers have focused on the role of speech
intelligibility. The latter studies show that performance in several
cognitive tasks deteriorates with increasing intelligibility (e.g.,
[13,14,22,29]). Similarly, speech intelligibility predicts a variety
of subjective responses, such as acoustic satisfaction [12,30], per-
ceived disturbance [13,22], subjective habituation [17], and subjec-
tive workload [12].

The method of determining speech intelligibility has differed
between studies, varying from subjective listening tests [15,22]
to the signal-to-noise ratio [28,29,31] and the Speech Transmission
Index (STI) [12-14,17,32]. While the first two methods provide
valuable information about the effect of speech intelligibility in
general, the latter approach is more beneficial for applied research
because the STI is commonly used in evaluating and designing
room acoustics. The STI is also a key quantity in the new interna-
tional measurement standard [20]. By using the STI, cognitive
laboratory experiments can be linked to predicting how acoustic
conditions affect performance in office environments.

The STI is an objective descriptor for subjective speech intelligi-
bility (STI 0.00 = not intelligible, STI 1.00 = perfectly intelligible). In
practice, the STI of speech depends on absorption, screens, back-
ground sound level, and the distance between a speaker and a lis-
tener [33]. According to the model proposed by Hongisto [34],
cognitive performance deteriorates with increasing STI. Perfor-
mance is expected to start to decline above STI 0.20 and reach
the maximum decrement when STI 0.60 is exceeded. The steepest
decline is expected in the range of STI 0.30-0.50. Hongisto [34]
concluded that in order to decrease the detriments of background
speech, the STI should be below 0.50. This idea is included in the
ISO 3382-3 standard [20] as distraction distance (rp) which defines
the distance at which the STI falls below 0.50.

However, the STI-performance model [34] may be somewhat
debatable because the model was based on only three experimen-
tal studies available at the time. Later studies have given some sup-
port to the model by showing that the steepest decline in
performance occurs somewhere between STI 0.38 and 0.62
[12,13]. However, recent findings by Jahncke et al. [14] and Keus
van de Poll et al. [32] suggest that the maximum deleterious effect
on performance might already be reached at STI 0.34. The inconsis-
tency of these studies may be explained by the use of different
tasks, as it seems likely that the STI-performance relation is to

some degree task-specific [14]. Other methodological differences
between the studies may also account for the results. Given the
divergent findings and the small number of studies conducted,
the relationship between the STI and cognitive performance
requires more research. This knowledge would also be beneficial
for evaluating whether the acoustic criteria adopted in the I1SO
3382-3 standard [20] are sufficient in terms of the desired effects
on background speech distraction.

1.2. Limitations in studies on speech intelligibility

Most of the studies on the STI and speech intelligibility have, to
a varying degree, attempted to provide practical implications for
office environments. However, there are several aspects in which
the ecological validity of experiments on the STI-performance rela-
tion can still be improved.

As far as speech material is concerned, most speech intelligibil-
ity studies have used continuous speech either comprising of very
simple successive sentences with no plot [14,22] or a story in the
native [32] or a foreign language [29]. A few studies lack
the description of the sound materials used [15,31]. However, the
meta-analysis of Szalma and Hancock [19] has shown that inter-
mittent background speech causes greater performance impair-
ment than continuous speech. Background speech is also more
distracting when it represents half of a dialogue, as in overhearing
a phone conversation [35]. Both intermittent speech and one side
of a phone conversation are characteristic of many open-plan offi-
ces, whereas monologue-like speech is not. In some tasks, constant
speech can also be habituated [36], which may lead to imprecise
conclusions if used to represent open-plan office noise. Three stud-
ies [12,13,17] have used intermittent speech with short pauses of
varying length between sentences but the speech was designed
to be calm and uninteresting, which may represent some but not
the most distracting office discussions.

Another factor that may affect performance effects of speech is
the location of the speech source. A few studies suggest that per-
formance is affected most when speech originates from the same
direction where visual attention is actively engaged in [37,38],
although this may not be true for all tasks [24]. In open-plan offi-
ces, the location of the speech source varies, as does the distance to
different speakers present in the room. The speech intelligibility
studies have usually used speech from one static location, typically
in front of the subject, and presented the speech via loudspeakers
or using a headphone simulation [14,15,17]. Some studies have
used headphones without specifying the perceived speech location
[29,32]. Only two studies have used multiple locations for speech
sources [12,13]. Schlittmeier and Hellbriick [31] have used open-
plan office noise that was recorded with an artificial head, presum-
ably including variation in sound direction and distance, but they
reported no details to describe the sound material. However, none
of the studies have intentionally varied the STI within a test condi-
tion which would simulate open-plan offices where the distance to
different speakers varies.

The effect of the exposure time has also been neglected in
speech intelligibility experiments. The single speech conditions
have typically lasted for less than an hour (e.g., [12,14]), while
the longest duration seems to have been 1.5 h at the most [15].
The performance effects of noise in general tend to attenuate with
longer exposure times but this may not apply to background
speech [19]. In open-plan offices, one working period between
breaks might last for three-to-four hours. While it is possible that
the effect of background speech could be adapted to over time, it is
also conceivable that cognitive or subjective impacts of noise
might increase as a result of an emerging stress response or
decreasing compensatory resources.
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The final criticism on previous studies concerns the creation of
different degrees of speech intelligibility. Previous experiments
have manipulated speech artificially, either by changing the
relative sound pressure levels of speech and masking sound
electronically (e.g., [13]) or by using simulation techniques, such
as auralization [22]. While this approach is well-suited for charting
the general relation between speech intelligibility and perfor-
mance, it may lead to test conditions and conclusions that are
unrealistic from a practical point of view. In practice, acoustic con-
ditions are controlled by changing wall and ceiling materials, fur-
niture, screen height and desk closure, and by using a masking
sound. To date, the experimental literature is lacking studies where
speech intelligibility has been modified analogously to how it
would be done in an authentic open-plan office.

1.3. The aim of the present study

In this paper, we present an experiment that attempted to inte-
grate the findings discussed above in creating as ecologically valid
test conditions as possible, both in terms of background speech and
the room acoustic manipulations. This study is the first where the
acoustic test conditions were created by introducing physical
changes in the acoustic design of an office laboratory, instead of
relying on the artificial simulation of sounds. We tested three
different room acoustic conditions containing background speech
and one condition without speech (a quiet condition). The speech
sounds simulated an environment where one side of different
phone conversations is heard from four locations differing in dis-
tance. The STI of the experimental conditions was manipulated
by changing the amount of absorption (i.e., screen height and room
absorption together) and the level of masking sound while keeping
the sound power level of speech constant.

The aim was to investigate whether cognitive performance and
subjective perceptions of the acoustic environment can be affected
by an acoustic design that reduces speech intelligibility (STI). We
chose to test these effects with four memory tasks, focusing mostly
on working memory because working memory tasks predict cogni-
tive performance in general (see e.g., [39]). The choice of tasks also
enables the comparison of the present results with some of the
earlier studies. Noise sensitivity was included in the experimental
design because it is strongly associated with subjective responses,
such as annoyance, but may also have an effect on performance in
noisy conditions (see [40]).

Three research questions were addressed: (1) Are cognitive per-
formance and subjective disturbance affected by room acoustic
design that reduces the STI? (2) Is there an interaction between
the acoustic condition and exposure time? and (3) Are subjects
with high or low noise sensitivity differently affected by acoustic

a

Fig. 1. A photograph of the laboratory (the condition noAbs_noMask).

design? In terms of the first question, we expected that the pres-
ence of speech sounds would have the strongest effect, regardless
of the acoustic design. However, within speech conditions, perfor-
mance and subjective perceptions should improve when the STI is
decreased by acoustic design. In terms of exposure time, the
purpose was to explore whether the effects of background speech
would attenuate or amplify with exposure time. We expected that
noise sensitivity would affect the subjective perceptions of noise
effects, with noise-sensitive individuals perceiving the speech con-
ditions more negatively. We also wanted to explore whether noise
sensitivity would moderate the effect of the acoustic conditions on
subjective perceptions.

2. Methods
2.1. Subjects

Ninety-eight university students took part in the experiment.
One subject was excluded because she reported major sleep
deprivation. The remaining 97 subjects (73 female) ranged from
19 to 45 in age (mean =23.9, SD =4.0) and were native Finnish
speakers. None of the subjects had dyslexia or reported any hear-
ing difficulties. Subjects were paid 40 euro for their participation.

2.2. Test laboratory

The experiment was conducted in an open-plan office labora-
tory that was 8.9 x 9.4 x 2.55 m in size (Figs. 1 and 2). The room
resembled a real open-plan office with no measurement devices
or other disturbing artifacts visible in the room, apart from four
loudspeakers. The furniture included 12 identical desks, frontal
screens (2.4 m per desk, floor-standing), additional side screens
(1.6 m per desk, floor-standing) and storage units in the middle
of the room. Six desks were used by the subjects and another
two were in reserve. The corner desks were reserved for the loud-
speakers that were used to play speech sounds. The distance from
each subject desk to the nearest and the most remote loudspeaker
ranged from 2 to 6 m.

The suspended ceiling consisted of a 600 x 600 mm metal grid
where 210 ceiling boards, seven ventilation units, and 16 lighting
units were installed. The height of the ceiling was 2.55 m and
the suspension depth was 0.3 m. Fourteen loudspeakers were
placed above the suspended ceiling for the production of artificial
masking sound. Approximately 88% of the ceiling (75 m?) was
reserved for ceiling boards that had sound-absorbing and sound-
reflecting alternatives. Approximately 20% (18 m?) of the total wall
area was reserved for sound-absorbing wall boards. The ventilation
system was running at a constant power, producing an inherent
masking sound level of 33-37dB La.q depending on room
absorption.

The indoor air conditions were monitored during each test ses-
sion. The room temperature was 23.2 + 0.2 °C, which is optimal
given the activity level and the presumed clothing of the subjects
[41]. There was no draft at any desk. The air quality was very good
with a low CO; concentration (580 + 50 ppm). The vertical illumi-
nation level was 630 + 120 Ix on the table surfaces.

2.3. The experimental conditions

Four experimental conditions were investigated. The conditions
were created by modifying absorption, screen height, desk
isolation, and the level of masking sound (Table 1). Three of the
conditions included background speech and differed in terms of
the room acoustic design. The fourth condition, Quiet, was the
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Fig. 2. The layout of the office laboratory. The chairs indicate the desks where the
subjects were seated. The additional side-screens are indicated by gray shading. The
loudspeakers were placed at the corner desks. Because only one loudspeaker was
active at a time, the distance to an active speaker varied over the experiment from
2 m (the nearest loudspeaker) to 6 m (the furthest loudspeaker).

reference condition in which background speech was off. The
conditions were:

(1) No absorption nor masking sound (later: noAbs_noMask).
This condition corresponded to a situation with no special
room acoustic treatments. The ceiling, walls, and screens
were sound-reflecting and the screen height was low. The
background sound level, produced by ventilation, was very
low. As a result, background speech was intelligible both
at a near and a far distance from the speech source. This is
a typical situation when an acoustic designer has not been
involved in workplace design.

(2) Absorption used, no masking sound (Abs_noMask). This con-
dition corresponded to a situation where all other noise con-
trol measures are used, except for a masking sound system.
The absorption was maximized on the ceiling, walls, and
screens. The isolation of the desks was increased with higher
screens and additional side-screens (Fig. 2). The background
sound level, produced by ventilation, was very low. Speech
intelligibility was still high near the speech source but
reduced with increasing distance from the speaker. We did
not expect the results in this condition to significantly differ

Table 1
The room acoustic components in the four experimental conditions.

Acoustic condition

noAbs_noMask Abs_noMask Abs_Mask Quiet

Background speech ON ON ON OFF
Expected acoustic Poor Better Good Perfect
privacy
Ceiling absorbents No Yes Yes
installed:
Wall absorbents No Yes Yes
installed:
Screen absorption No Yes Yes
installed:
Screen height (m) 13 1.7 1.7 13
Side screens: No Yes Yes
Masking sound level 37 33 45 35
(dBA)

from noAbs_noMask as the differences in speech intelligibil-
ity were small.

(3) Both absorption and masking sound used (Abs_Mask). This
condition corresponded to a situation where all possible
noise control measures are used. In addition to the means
used in Abs_noMask, a masking sound system was applied
using a recommended level (45 dB Laeq). As a result, the
speech intelligibility was a little reduced near the speech
source and significantly reduced with increasing distance.
Testing the benefits of this condition in comparison to the
conditions noAbs_noMask and Abs_noMask was an essential
aim in the present study.

(4) Quiet, which corresponded to a situation where several peo-
ple work in an open-plan office in silence. It was included as
the reference condition. However, the presence of other sub-
jects might have caused minor temporary distraction (e.g.,
coughing, keyboard tapping) and thus the condition does
not correspond to perfect silence which is an often-used
control condition in cognitive experiments.

The condition noAbs_noMask was implemented by installing
sound reflecting gypsum boards to the ceiling (EN 11654 [42],
unclassified). No sound absorbing boards were installed on the
walls. Sound-reflecting screens were used between the desks, with
a height of only 1.3 m. Artificial speech masking system was off.
The background sound was mainly produced by the ventilation
system. However, the spatial variation of ventilation noise was
rather large, ranging from 33 to 37 dB Laeq. To correct for this var-
iation, the masking sound system was played at a very low level
(36 dB) to increase the noise levels in silent desks. Thus, the final
background level at the desks was 37 +1dB Laeq (Fig. 3). The
speech loudspeakers were on.

The condition Abs_noMask was implemented by placing sound
absorbing mineral wool to the ceiling (EN 11654 [42], class A, total
area 75 m?) and on three walls (class A, total area 18 m?). The
screens were 1.7 m high and sound-absorbing (EN 11654 [42],
class B, one-sided area). The additional side-screens that were used
to increase isolation were not sound-absorbing (unclassified).
Overall, the total area of sound-absorbing material surfaces in
the room was 142 m? larger than in the condition noAbs_noMask.
The spatial variation of the ventilation noise was corrected with
the sound masking system similarly as in noAbs_noMask. Because
the high room absorption also reduced the ventilation noise level,
the background sound level was 4 dB lower (i.e., 33 £ 1 dB) than in
noAbs_noMask (Fig. 3). The speech loudspeakers were on.

The condition Abs_Mask was implemented by applying all the
measures of Abs_noMask with the addition of the speech masking
system. The masking sound was filtered pink noise with —5 dB/
octave slope within octave bands 125-4000 Hz (Fig. 3), which
has also been found adequate in workplaces [43,44]. The masking
level was 45 dB conforming to the current target values [45]. The
variation of masking level between the desks was very small
(1 dB). The speech loudspeakers were on.

The condition Quiet was implemented by having the speech
loudspeakers off. The background sound level was set to 35 dB.
The room acoustic materials were the same as in noAbs_noMask
but, due to the absence of speech, the room acoustic conditions
were irrelevant.

The original experiment included also a fifth condition that
included the masking sound but no absorption. These results have
been reported by Haapakangas et al. [46].

2.4. Speech sounds

Creating a natural speech environment was an important meth-
odological aim in this experiment. The presentation of speech
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Fig. 3. The spectra of the speech and masking sounds. The speech spectra were
measured at a distance of 1 m in free field from the loudspeaker. The speech levels
heard by the subjects at the desks were lower and they are described in Table 2 and
Fig. 5.

sounds was designed to resemble a situation where four people are
talking on the phone about different topics one at a time in differ-
ent corners of the room. Unlike in the previous studies reviewed in
the Introduction, more natural, lively, and interesting speech was
desired for the present study. Some of the voices were recogniz-
able, as they would also be in real offices.

Another principal aim was to keep the sound power level of
speech emerging from the loudspeakers constant in every acoustic
condition. Thus, the speech level that was heard at the subject
desks depended solely on the acoustic treatments of the acoustic
condition (Table 1).

A four-channel sound file was used to produce speech to four
loudspeakers placed in the corner desks (Fig. 4). The speech was
obtained from four radio programs bought from YLE (the Finnish
Broadcasting Company). In each of them, four participants (politi-
cians or celebrities) were engaged in a friendly debate about a topic
of common interest. The speech of each participant was isolated
from each program and placed to one channel of the four-channel
sound file. The speech material of a single speaker (i.e., each chan-
nel) was then cut to separate 5-to-25-s-long sentences. Thereafter,
the four-channel speech file was expanded and arranged to remove
any overlap between the channels. The sound levels of the sen-
tences were individually adjusted to the same A-weighted level
to correct for variations in speech effort. In addition, the spectrum
of each speaker was modified so that the octave band levels were
deviating from the speech spectrum shape of ISO 3382-3 [20] by
less than 3 dB. A 1-to-8-s break was placed between the speech
sentences when a switch to another corner (i.e., channel) took
place. The order of the channels was pseudo-randomized so that
one speaker was not active twice in succession and the total
amount of speech from every channel was equal. Adobe Audition
3.0 software was used for editing. The length of the final four-chan-
nel playback recording was 181 min.

The speech was produced by four loudspeakers having mouth-
like directivity (Genelec 6010). Only one loudspeaker was active at
a time. The height of the loudspeakers was 1.2 m from the floor. To
ensure that the speech level was constant the sound power level of
each channel was measured in a reverberant room according to ISO
3741 [47].

Program A [Program B (Program C Program D
Sp. 1 M Sp. 1 Sp. 1 Sp. 1
Sp.2 Sp.2 M Sp.2

Fig. 4. The distribution of the individual voices in different radio programs to the
four speaker channels in the room corners.

The speech level was selected to be between a normal and
casual speech effort because conversational speech levels in
open-plan offices may be slightly lower than the standardized nor-
mal speech effort [48]. The A-weighted mean level over all direc-
tions was 53.0dB at a 1 m distance in a free field. (For
comparison, the standardized normal effort speech is 57.4 dB
according to ISO 3382-3 [20]). The measured sound pressure levels
were 51.3, 55.3, 53.6, 44.6, 38.9, 32.2, and 29.4 in octave bands 125,
250, 500, 1000, 2000, 4000, and 8000 Hz, respectively (Fig. 3).

2.5. Acoustic measurements of the experimental conditions

The room acoustic conditions were measured in two different
ways. To determine the exact values of the STI as experienced by
the subjects, the speech level measurements were made for the
speech levels prevailing at the desks in different acoustic condi-
tions. These measurements were conducted with the speech loud-
speakers used in the experiment. Secondly, the standard method
ISO 3382-3:2012 [20] was applied in order to objectively describe
the room acoustic conditions. This information is important for the
acoustic characterization of offices. These measurements were
done using an omni-directional loudspeaker, and the results are
shown in Appendix A.

The results of the actual speech levels and the STl measurements
at the desks are shown in Table 2 and Fig. 5. The measurements
confirmed that the implementation of the acoustic conditions was
successful in terms of producing distinct differences between con-
ditions. It should, however, be noted that the STIs in noAbs_noMask
and Abs_noMask did not differ considerably even though the level of
speech is reduced in the latter condition. Differences could only be
found at larger distances from the speaker. The measurements have
been reported in more detail by Kerdnen et al. [49,50].

2.6. Cognitive tasks
2.6.1. Serial recall

Serial recall is a classic task in investigating the cognitive effects
of speech. In the task, the subjects had to recall visually presented
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Table 2

The A-weighted sound levels, Ls , and the Speech Transmission Indices, STI, of the acoustic conditions.

Acoustic condition

noAbs_noMask Abs_noMask Abs_Mask Quiet
STI of speech from the nearby desk (2 m away) 0.70 0.80 0.51 0.00
STI of speech from the most remote desk (6 m away) 0.60 0.42 0.11 0.00
Ls A (dB) from nearby desk (2 m away) 53 50 50 0
Ls A (dB) from the most remote desk (6 m away) 50 38 38 0

[ dB-range of speech

A-weighted level [dB] [ dB-range of masking

60

55 1

5o |
= B
40 1
—1
1

35
30
25
20 A
15 4
10
54

0

noAbs_noMask Abs_noMask  Abs_Mask Quiet

Acoustic condition

Fig. 5. The range of the speech and masking levels at the desks in the four acoustic
conditions. The variation of the masking level was always negligible because of the
14 evenly distributed masking loudspeakers in the ceiling. However, the speech
levels varied more because the distance to the presently active loudspeaker varied
with time.

digits from 1 to 9 in the order of presentation. The digits were pre-
sented in a random order, each digit appearing once in a sequence.
Digits were presented on the computer screen at the rate of 1 per
second, with an inter-digit interval of 1.5 s, i.e. the onset-to-onset
of digits was 2.5 s. After a sequence, the subjects recalled the digits
by clicking numbers in the same order on a 3 x 3 array on the
screen. The subjects had the possibility to click “empty” if they
could not remember a digit in a certain serial position. The subjects
were instructed to be as accurate as possible, but performance
speed was not mentioned nor analyzed. The task contained 12
sequences of which the first was not analyzed. The percentage of
digits recalled in their correct positions was calculated for each
sequence and averaged across all 11 sequences for the total score.

2.6.2. Working memory capacity

Working memory (WM) capacity was included in the
experimental design as a covariate because individual differences
in cognitive abilities were anticipated to form a possible con-
founder in the experiment. The measure for WM capacity was
modified from the original operation span task developed by
Turner and Engle [51]. The task consists of equations and words
presented by turns. The idea of the task is to measure the func-
tional capacity of WM by including a memory storage component
(word recall) and a secondary processing component (equations)
that interferes with the memory task.

First, an equation appeared on the computer screen (for exam-
ple, 9 x 6 —3=52) and the subject had a maximum of 10 s to
decide whether it was true or false by clicking the appropriate

option on the computer screen. After this, a word to be memorized
was presented for 2 s. This was followed by another equation, fol-
lowed by another word. At the end of each set, the subject typed in
all the words. A correct order for words within lists was not
required. Subjects were instructed to aim at a minimum of 85%
accuracy on equations, and received feedback on this after typing
each word list. The purpose of this was to prevent them from eas-
ing the word recall by ignoring the secondary task.

The length of equation-word sets varied between three and
seven pairs, and the sets were presented in a random order. The
task consisted of ten sets. A score for the subject’'s WM capacity
was calculated by the percentage of all correctly recalled words
during the task (partial-credit load scoring, [52]. Minor misspell-
ings were accepted, when unambiguous.

2.6.3. Operation span task

The operation span task was similar to the WM capacity task
with the following changes. The set length varied from three to
eight and the sets were presented in a growing order. The materials
used for words and equations differed from the WM capacity task
and are described in detail by Haka et al. [13]. The task contained
11 sets. Three matching versions were used. The equations and
words were presented randomly within each version. The scoring
procedure was the same as in the WM capacity task. The task
lasted approximately 10 min.

2.6.4. N-back task

The N-back task is another type of working memory task (e.g.,
[53]). It is assumed to engage some of the key processes of working
memory, such as online monitoring and updating information in
memory. The task consisted of sequences of letters presented on
a computer screen. Each letter was shown for 500 ms that was then
followed by a 2500 ms pause before the next letter appeared. Three
levels of difficulty were used: 0-back, 1-back and 2-back. In 0-back,
the subject’s task was to identify the target letter ‘X’ by pressing
YES or NO for each stimulus. In 1-back, the subject had to decide
whether the presented letter was identical to the one immediately
preceding it (i.e. one trial back), again responding YES or NO. In 2-
back, the task was to respond whether the presented letter was
identical to the one presented two trials back. The subjects were
instructed to respond quickly, but accurately. Each set contained
30 +n letters (n=0, 1 or 2). 30% of the letters were targets requir-
ing a positive response. Upper case and lower case letters were var-
ied to prevent subjects from relying on visual recognition only. The
task included three blocks containing one set of each level, i.e. each
level of difficulty appeared three times during the task. As the task
was presented three times during the experiment, there were
materials for three versions. The materials and the order of the dif-
ficulty levels were counterbalanced across the test blocks and sub-
jects. Response accuracy (%) and reaction times (RTs) for the
correct responses (ms) were measured. The responses deviating
over 3 SD from the subject’s mean were excluded from the average
RTs. The task lasted approximately 18 min.
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2.6.5. Text memory task

The task consisted of a text developed by Kaakinen et al. [54].
The text discussed four diseases and was three pages long. The dis-
eases were generally unfamiliar to the subjects in order to prevent
the subjects from relying on their prior knowledge. The subject’s
task was to memorize facts concerning one of the diseases
(typhus). Subjects were given 6 min to read the text. After this,
the subjects performed other tasks (N-back and operation span
task) that created an approximately 30-min delay between reading
and recall. This was done to prevent active maintenance of the text
in short-term memory between reading and recall. In recall, the
subjects had 4 min to write as much as they could remember about
the target disease using the WordPad program. The task was
scored by giving one point for every detail that was remembered
(max. 45 points) and calculating the percentage of correct
responses.

2.7. Questionnaires

Three questionnaires were used. A questionnaire on back-
ground information included questions about age, gender, sleep
during the preceding night, and noise sensitivity. The latter was
assessed with a four-item version [55] of the subscale ‘work’ in
NoiSeQ [56].

The NASA Task Load Index, NASA-TLX [57], was used for the
assessment of subjective workload on six scales (mental, physical,
and temporal demand, performance, effort, and frustration). The
response was given on a slider bar. The poles of the scales were
marked with low and high, except for the performance scale that
was marked with good and poor. The scale ranged from one to
100 but the values were not shown to the subjects.

The final questionnaire included 17 statements about the
perceived acoustic environment, its effect on performance and
the overall environment. These were rated on a five-point scale
(completely disagree - completely agree). Originally, most of the
items were intended to be included in a sum score of acoustic sat-
isfaction. However, this resulted in unacceptably low Cronbach’s
alphas in Quiet. The most reliable sum score was obtained from
four questions and was labeled as perceived disturbance (Cron-
bach’s alphas 0.65-0.83 in the different conditions). The variable
included the following statements: It was easy to habituate to
the sound environment (SE); The SE was pleasant; The SE impeded
my ability to concentrate; My attention was drawn to the SE. In
addition, the disturbance of 13 indoor environmental factors was
rated on a five-point scale (not at all, slightly, to some extent, quite
a lot, very much). Three of these items were essential for the
research questions, namely the distraction caused by speech from
nearby desks and desks further away and the distraction caused by
background hum (i.e., ventilation or masking sound). The remain-
ing items were included in order to confirm that the conditions
were optimal in terms of other environmental factors.

2.8. Design

A mixed 4 x 3 x 2 design was used, with acoustic condition as a
between-subjects factor (4 levels), test block (3 levels) as a within-
subjects factor and noise sensitivity (2 levels) as another between-
subjects factor. The test block refers to the exposure time, i.e. tasks
were repeated in three blocks to assess the possible interactions
between time and performance. There were 24 subjects in each
group, except for the Quiet group, which had 25. Each subject only
took part in one of the conditions. WM capacity was included as a
covariate to increase the statistical power of the design. The differ-
ent versions of the tasks were counterbalanced across test blocks
and subjects.

The conditions were implemented in the following order:
noAbs_noMask, Quiet, Abs_noMask, and Abs_Mask. The completion
of the experiment took three months because considerable retrofit-
ting and acoustic measurements were required between condi-
tions. Due to this time frame, subjects could not be randomly
assigned to different conditions but were acquired for one condi-
tion at a time. Finding male subjects proved difficult toward the
end of the study, which resulted in an unbalanced gender distribu-
tion across conditions (13, seven, two and two males, respectively).

2.9. Procedure

The experiment started with general information about the
study including an informed consent form. First, the subjects per-
formed the measurement of WM capacity. After this, the subjects
completed a questionnaire on background information and
practiced all the tasks in silence. A short break was given after
the practice session, if necessary. The masking sound was on from
the beginning but the speech sounds were turned on at this point.
The subjects were instructed to ignore the background sounds and
concentrate on the tasks.

The tasks were presented in three blocks that lasted 40, 60, and
60 min, respectively. The serial recall, N-back, and operation span
tasks were done in every block, in this order. The text memory task
was performed during the second block so that the text was read
after the serial recall task and the text recall took place at the
end, after the operation span task. The last block had an additional
15-min filler task at the end of the block. Each task was followed by
a NASA-TLX rating done on the computer. A ten-minute break was
given after the first block. During this, the subjects were offered a
sandwich outside the room but were instructed not to discuss the
experiment with each other. At the end of the third block, the
speech sounds were turned off. The subjects then completed a
questionnaire on acoustic satisfaction and perceived sound
environment in silence.

The experiment lasted 4 h and all the groups were tested at the
same time of the day, starting at 9:30 a.m. Two to siX subjects were
tested at a time. A researcher was present in the laboratory at all
times. After the experiment, the subjects received more informa-
tion about the study and were given the opportunity to ask
questions.

2.10. Statistical analysis

The data were analyzed with IBM SPSS Statistics for Windows,
Version 20.0. (Armonk, NY: IBM Corp). The subjects were divided
into two groups on noise sensitivity (sensitive vs. non-sensitive)
by a median split on the summed noise sensitivity scores. Serial
recall and operation span task were analyzed with 4 (acoustic con-
dition) x 3 (test block) x 2 (noise sensitivity) ANCOVAs with WM
capacity as a continuous covariate. Acoustic condition and noise
sensitivity were between-subjects factors, whereas the test block
was a within-subject factor. The text memory task was analyzed
with a 4 (acoustic condition) x 2 (noise sensitivity) ANCOVA with
WM capacity as a continuous covariate. The ANCOVAs were fol-
lowed up with paired comparisons of the adjusted means. The
assumptions of the linearity and homogeneity of regression were
met in all ANCOVAs. The RTs in the N-back task were analyzed
with a 4 (condition) x 3 (test block) x 3 (N-back level) x 3 (task
block) x 2 (noise sensitivity) ANOVA, leaving out WM capacity as
it did not have a linear relation with the RTs. When Mauchly’s test
indicated a violation of sphericity for the within-subject variables,
the Greenhouse-Geisser correction was applied and the
corresponding p-values are reported. The Benjamini—-Hochberg
procedure was used for alpha-error adjustments in all paired
comparisons.
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The sum score of perceived disturbance and the subjective
distraction due to speech were analyzed with a non-parametric
Kruskal-Wallis test, followed by Mann-Whitney U tests for paired
comparisons. The same analyses were then repeated separately for
noise-sensitive and non-noise-sensitive subjects.

The total scores and the subscales of the NASA-TLX were
analyzed with a 4 (acoustic condition) x 3 (test block) x 2 (noise
sensitivity) ANOVA in the short-term and working memory tasks
and with a 4 (acoustic condition) x 2 (noise sensitivity) ANOVA
in the text memory task. As the NASA-TLX has been associated
with gender effects in some studies (e.g., [58]), the analysis was
only performed for female subjects due to the unbalanced gender
distribution across acoustic conditions.

One subject was excluded from the serial recall, operation span,
and text memory tasks due to missing data on the covariate.
Another subject was excluded from serial recall due to a technical
error in data recording. Unlike in typical studies of the operation
span task, we did not exclude subjects who failed to achieve an
85% level on equation accuracy because the independent variable
(speech intelligibility) could also have affected arithmetic perfor-
mance [14,22]. Instead, subjects with equation/word recall trade-
offs were identified by examining multivariate outliers using the
Mahalanobis distance. One such outlier was found and excluded
from the operation span task. Two extreme outliers performing
consistently over 3 SDs above group means were excluded from
the N-back task. One subject was excluded from the analyses of
the perceived disturbance due to a misunderstanding of the
questions.

3. Results

The main assumptions of this experiment were that the pres-
ence of background speech would have detrimental effects on cog-
nitive performance and subjective distraction, and that good room
acoustic design would decrease these negative effects. Accordingly,
we hypothesized that Quiet would yield the best results compared
to all the other conditions, and that the condition with the lowest
STI (Abs_Mask) would be better than the other two conditions
containing speech (noAbs_noMask and Abs_noMask). Therefore,
one-tailed tests are reported in the corresponding paired compar-
isons. The latter two conditions were not expected to differ from
each other and were, therefore, compared with two-tailed tests.

3.1. Performance effects in cognitive tasks

3.1.1. Serial recall

The ANCOVA revealed a significant main effect of acoustic
condition on performance in serial recall (F5 g = 3.32, p = .024, par-
tial #°> =0.10). As shown in Fig. 6, the results seem to follow the
expected pattern, except for noAbs_noMask in which the perfor-
mance was better than anticipated. Pairwise comparisons revealed
that performance was better in Quiet than in Abs_noMask (p = .01,
1-tailed) and Abs_Mask (p = .04, 1-tailed), as expected. However,
performance in Quiet was not better than performance in
noAbs_noMask (p >.05, 1-tailed). In addition, Abs_Mask did not
yield better results than the other two conditions containing
speech (p values > .05, 1-tailed). Thus, the expectation that acoustic
design would decrease the distraction caused by background
speech was not supported by the serial recall data.

The main effect of test block was significant (F; 7, =4.11,
p =.018, partial #? = 0.05), indicating a small learning effect toward
the end of the experiment. This effect did not interact with acoustic
condition (p >.05), indicating that the effect of acoustic condition
was not moderated by the exposure time.
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Fig. 6. Performance in serial recall in the whole sample and the noise sensitivity
groups. Adjusted means and standard errors.

The non-noise-sensitive subjects performed better than the
sensitive subjects (F;gg=4.58, p=.035, partial 5?=0.05; Fig. 6),
but this effect did not interact with acoustic condition.

3.1.2. Operation span

The adjusted means in Fig. 7 show a pattern that is in line with
the expectations. Accordingly, the ANCOVA showed a significant
main effect of acoustic condition on performance in the operation
span task (Fs gg = 3.58, p =.017, partial #? = 0.11). Pairwise compar-
isons confirmed that performance was better in Quiet than in
noAbs_noMask (p = .01, 1-tailed) and Abs_noMask (p = .03, 1-tailed).
There was also a marginal improvement in Abs_Mask compared to
noAbs_noMask (p = .07, 1-tailed) suggesting a tendency toward an
effect of acoustic design within the speech conditions. The main
effect of test block indicated a small learning effect (F, 17, =6.11,
p=.003, partial #?>=0.07) but test block did not interact with
acoustic condition (p >.05). Noise sensitivity had a small effect
on task performance (F;gs =4.28, p =.042, partial 1> = 0.05), with
the non-sensitive subjects performing better than the sensitive
subjects.

3.1.3. N-back

The initial analyses of the N-back task indicated a possible ceil-
ing effect in accuracy as it exceeded 90% in all acoustic conditions
on all N-back levels. Thus, only the analyses on RTs are reported.
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Fig. 7. Performance in the operation span task in the whole sample and the noise
sensitivity groups. Adjusted means and standard errors.
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The pattern of RTs in Fig. 8 suggests an increase in the cognitive
load with increasing STI, although the RTs in Quiet appear slightly
higher than expected. The effect of acoustic condition on the RTs
was indeed significant (Fsg7=4.42, p=.006, partial #*=0.13).
Paired comparisons revealed that RTs were significantly longer in
noAbs_noMask than in Abs_Mask (p=.002, 1-tailed) and Quiet
(p=.03, 1-tailed), indicating a higher cognitive load in
noAbs_noMask. These results are in line with the predictions. How-
ever, no other expected differences emerged between Quiet and
the speech conditions or within the speech conditions.

There was also an interaction between acoustic condition and
the difficulty level of the task (Fg174=4.07, p=.007, partial
n*=0.12). As shown in Fig. 9, the acoustic condition seemed to
have a larger effect with increasing difficulty. This was confirmed
with separate ANOVAs for each N-back level. There was no effect
on 0-back (p>.05), whereas a statistically significant effect
emerged for both 1-back (Fsgy=4.00, p=.01, partial #*>=0.12)
and 2-back (F3 g7 =4.79, p =.004, partial #%=0.14). The RTs were
again significantly shorter in Quiet than in noAbs_noMask in both
1-back (p =.03, 1-tailed) and 2-back (p =.02, 1-tailed). Similarly,
noAbs_noMask resulted in significantly longer RTs compared to
Abs_Mask in both 1-back (p =.004, 1-tailed) and 2-back (p =.001,
1-tailed). The RTs in 2-back were also marginally longer in
noAbs_noMask than in Abs_noMask (p = .056, 2-tailed), which was
not expected.

There was a strong learning effect, as revealed by a main effect
of test block (F,174 = 65.57, p <.001, partial 172 =0.43) but again no
interaction with acoustic condition (p >.05). Noise sensitivity did
not affect RTs in the N-back task (p >.05).

Text memory. The text memory task was not affected by acoustic
condition nor noise sensitivity, as shown by the ANCOVA yielding
no significant effects (all p values > .05, Fig. 10).

The individual differences in WM capacity had a significant
effect on performance in all tasks (all p values <.003, partial
7% =0.07-0.52), except the N-back task in which it was not
included. There were no interactions between WM capacity and
acoustic condition in any of the tasks.

3.2. Effects on subjective variables

3.2.1. Perceived disturbance

The sum score of perceived disturbance was affected by
acoustic condition (y? (3)=57.83, p<.001, Fig. 11). The paired
comparisons showed that the presence of speech sounds increased
perceived disturbance as all speech conditions differed
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Fig. 8. Performance in the N-back task in the whole sample and the noise
sensitivity groups. Means and standard errors.
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Fig. 9. The interaction between the memory load (0-2) and acoustic condition in
the reaction times of the N-back task. Means and standard errors.

significantly from Quiet (all U values < 16.00, p values <.001,
1-tailed). Within the speech conditions, Abs_Mask resulted in the
lowest disturbance with a significant difference to noAbs_noMask
(U=130.00, p =.001, 1-tailed) and a marginal difference to Abs_no-
Mask (U =209.50, p =.062, 1-tailed). The latter two did not differ
from each other (p > .05, 2-tailed). In sum, the results were in line
with the predictions, as the absence of background speech resulted
in the lowest perceived disturbance, and the decrease in STI
reduced perceived disturbance between the speech conditions.

A separate analysis of the noise sensitivity groups indicated that
acoustic condition had an effect on perceived disturbance in both
groups (non-sensitive: »? (3)=31.13, p<.001; sensitive: 2
(3)=28.68, p<.001). Paired comparisons showed similar differ-
ences as observed with the whole sample, except that Abs_Mask
resulted in lower perceived disturbance than Abs_noMask only in
the noise-sensitive group (U= 170.50, p =.019, 1-tailed).

3.2.2. Perceived distraction

The subjective distraction due to speech sounds was analyzed
with the three speech conditions (Figs. 12-14). There was a main
effect of acoustic condition for the perceived distraction caused
by speech sounds heard from desks further away (2 (2)=14.30,
p=.001) but not for speech sounds heard from nearby desks
(p>.05). That is, the acoustic design did not seem to affect
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Fig. 10. Performance in the text memory task in the whole sample and the noise

sensitivity groups. Adjusted means and standard errors. No statistically significant
effects were observed.
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Fig. 11. The sum scores for subjective disturbance in the whole sample and the
noise sensitivity groups. Means and standard errors. Scale 1-5 (not at all - very
much).

subjective distraction for speech that originated from the adjacent
desk. Paired comparisons showed that speech heard from desks
further away was perceived as less distracting in Abs_Mask com-
pared to both Abs_noMask (U=131.50, p=.001, 1-tailed) and
noAbs_noMask (U= 126.00, p =.001, 1-tailed), which supports the
assumption of the effect of acoustic design. The latter two condi-
tions did not differ from each other (p > .05, 2-tailed).

Separate analyses of the noise sensitivity groups revealed that
the effect of speech from further away was highly significant for
the noise-sensitive subjects (2 (2)=13.93, p=.001, Fig. 14).
Accordingly, the noise-sensitive subjects were less distracted by
speech in Abs_Mask as opposed to Abs_noMask (U = 4.00, p =.002,
1-tailed) and noAbs_noMask (U = 30.50, p =.004, 1-tailed). For the
non-noise-sensitive subjects, the pattern of results was weaker
with only a tendency towards a main effect of acoustic condition
(x? (2)=5.17, p=.076). The differences between conditions were
similar to those observed with noise-sensitive subjects, with the
least distraction perceived in Abs_Mask as opposed to Abs_noMask
(U=38.00, p =.06, 1-tailed) and noAbs_noMask (U = 25.00, p = .03,
1-tailed).

The distraction caused by the background hum (i.e., ventilation
or masking sound) was analyzed with all four conditions. There
was no effect of acoustic condition on the perceived distraction
due to background hum (p > .05, Fig. 12). The results were similarly
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Fig. 12. Perceived distraction caused by speech from different distances for the
whole sample. Means and standard errors. Scale 1-5 (not at all - very much).
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Fig. 13. Perceived distraction caused by speech from nearby desks in the noise
sensitivity groups. Means and standard errors. Scale 1-5 (not at all - very much).
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Fig. 14. Perceived distraction caused by speech from desks further away in the
noise sensitivity groups. Means and standard errors. Scale 1-5 (not at all - very
much).

non-significant when noise-sensitive and non-sensitive groups
were separately analyzed.

3.2.3. NASA-TLX

Subjective workload was measured with the NASA-TLX (five
items) after every task. Descriptive statistics for the statistically
significant findings are shown in Table 3. There were no main
effects of acoustic condition on the total NASA-TLX scores for any
of the tasks. However, a significant interaction between test block
and acoustic condition was observed in the N-back task
(Fs130 = 2.54, p=.032, partial #%=0.11). Separate repeated mea-
sures ANOVAs for each acoustic condition showed that the subjec-
tive workload decreased with increasing exposure time in Quiet
(F,42 = 3.28, p =.048, partial #* = 0.14), whereas no effects of test
block were observed in any of the speech conditions. Noise sensi-
tivity also had a small effect on the NASA-TLX scores of the N-back
task (Fygs=4.21, p=.044, partial #?=0.06), with noise-sensitive
subjects demonstrating higher overall workload than non-
sensitive subjects.

Separate ANOVAs for the six subscales in each task yielded only
a few significant effects. The subscale for perceived performance
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Table 3

Means and standard deviations for the NASA-TLX ratings in different tasks. Scale 0-100; higher ratings indicate higher subjective workload. Only the data for the total scores and
subscales that yielded statistically significant main effects of acoustic condition, or interactions involving acoustic condition, are shown.

Acoustic condition

noAbs_noMask Abs_noMask Abs_Mask Quiet

N-back task

Total score Test block 1 444 (12.3) 42.2 (12.5) 48.6 (12.1) 49.9 (13.1)
Test block 2 40.3 (14.4) 48.6 (14.6) 44.5 (15.4) 44.7 (13.8)
Test block 3 47.0 (13.0) 49.5 (15.7) 47.7 (19.3) 43.6 (15.0)
Noise-sensitive 48.1 (14.6) 55.6 (14.4) 48.9 (16.1) 459 (11.4)
Non-noise-sensitive 40.5 (12.0) 43.1(12.5) 42.7 (14.6) 46.3 (16.2)

Frustration Noise-sensitive 60.5 (24.3) 76.3 (18.3) 59.0 (26.9) 56.6 (23.7)
Non-noise-sensitive 38.9 (18.0) 37.1 (25.3) 51.0 (23.6) 53.2 (26.8)

Operation span task

Performance Overall 60.0 (20.1) 63.8 (20.2) 51.6 (21.8) 51.4 (20.8)

Serial recall

Performance Overall 66.3 (18.9) 80.9 (13.7) 68.7 (23.0) 64.7 (24.8)
Test block 1 72.5 (14.9) 89.2 (12.6) 78.6 (21.5) 70.9 (25.3)
Test block 2 58.0 (21.4) 78.6 (15.8) 66.5 (22.7) 66.0 (26.4)
Test block 3 68.3 (20.4) 74.9 (12.7) 61.1 (24.7) 57.3 (22.9)

Frustration Test block 1 68.5 (18.1) 79.4 (27.0) 79.4 (22.9) 79.2 (15.6)
Test block 2 68.1 (18.0) 70.1 (28.0) 65.5 (24.0) 63.5 (27.3)
Test block 3 74.7 (14.4) 69.9 (21.2) 58.4 (30.7) 58.7 (17.6)

Text memory, reading

Frustration Overall 46.5 (24.9) 27.2 (21.2) 28.3 (23.4) 20.7 (16.0)

Text memory, recall

Temporal demand Overall 63.5(19.1) 53.8 (25.6) 64.0 (24.3) 71.3 (17.1)

was affected by acoustic condition in the operation span task
(F365=3.48, p=.021, partial #*=0.14) and serial recall
(F365=3.19, p =.029, partial #%=0.13). In both tasks, the subjects
in Quiet and Abs_Mask perceived their performance as better than
subjects in Abs_noMask (both ps < .05, 1-tailed). In the text memory
task, there was an effect of acoustic condition on frustration during
reading (Fsgs = 4.05, p=.011, partial #? =0.16). Again, the lowest
frustration was observed in Quiet and Abs_Mask compared to
Abs_noMask (both p values < .05, 1-tailed). There was also an effect
of acoustic condition on the temporal demand during text recall
(F365 =3.23, p=.028, partial #%=0.13) but the effect was in the
opposite direction to the prediction with higher demand perceived
in Quiet as opposed to Abs_noMask (p = .033, 1-tailed).

There was a marginal interaction between test block and acous-
tic condition in frustration in serial recall (Fg130=2.11, p =.056,
partial #?=0.09). Separate repeated measures ANOVAs for each
acoustic condition showed that frustration decreased with increas-
ing exposure time in Quiet (F, 46 = 10.65, p = .001, partial #% = 0.32)
and Abs_Mask (F, 44 =7.29, p = .004, partial #? = 0.25), whereas no
effects of test block were observed in the other two conditions.

There were few main effects of noise sensitivity on the sub-
scales. The only significant interaction between noise sensitivity
and acoustic condition was observed for frustration in the N-back
task (Fsgs=2.83, p=.045, partial #%=0.12). Paired comparisons
showed that noise-sensitive subjects experienced higher frustra-
tion than the non-sensitive subjects in Abs_noMask (p <.001, 1-
tailed) with a similar trend also emerging in noAbs_noMask
(p =.085, 1-tailed). Noise sensitivity did not affect frustration in
Abs_Mask or Quiet.

4. Discussion

The primary aim of the present study was to test whether the
detrimental effects of unattended background speech (hereinafter
referred to as “background speech”) could be reduced by room
acoustic design that decreases the STI of speech. In line with previ-
ous research, the results showed that the presence of background
speech has detrimental effects on short-term memory and working

memory performance and on the subjective perceptions of noise
effects. These effects were neither attenuated nor amplified within
a three-hour working period. The results also showed that a
reduction of STI by room acoustic means decreases subjective
disturbance. However, the support for the effect of acoustic design
on cognitive performance was somewhat weaker than expected.
The results also suggest that noise-sensitive individuals may
subjectively benefit more from acoustic improvements than less-
sensitive individuals as the effects of the room acoustic design on
subjective distraction were stronger in the noise-sensitive group
than in the non-sensitive group.

4.1. The effect of room acoustic design on cognitive performance

In terms of cognitive performance effects, the results largely
replicate the previous findings that the presence of background
speech is detrimental to cognitive performance (e.g., [13,21,22]).
This effect was observed in serial recall and two working memory
tasks. However, the effect was mainly observed between the Quiet
condition and either or both of the conditions with the highest STIs
(noAbs_noMask and Abs_noMask) but not between Quiet and the
condition with the lowest STI (Abs_Mask). The present results are
also compatible with the literature showing that the effects of
speech are task-specific (e.g., [14]). This was shown in the N-back
task, which demonstrated that the deleterious effect of background
speech on performance increased as a function of the working
memory load.

The presence of background speech did not affect performance
in the text memory task that required a more complex set of cog-
nitive processes, such as reading comprehension and long-term
memory. The explanation for the differences between this and
the other tasks probably derives from different task demands.
The text memory task is essentially a semantic task that requires
the processing of meaning, whereas the other tasks rely more on
attention, memory for order, and working memory processes.
Other studies have similarly reported no or only weak effects of
speech intelligibility on semantic distraction (e.g., [13-15,17]). It
is currently not clear why semantic tasks would be less affected
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by speech intelligibility than other tasks, particularly as the exis-
tence of semantic interference by background speech as such has
been demonstrated by several studies in recent years (e.g.,
[25,26]). This issue is clearly an important topic for future studies.

The most important findings of the present study concern the
effects of acoustic design on the interference caused by back-
ground speech. In terms of cognitive performance, these effects
were somewhat weaker than expected. One would assume that
changes in STI, introduced by room acoustic design, would have
improved performance in the three tasks that were affected by
speech sounds per se. However, the acoustic conditions only
affected performance in the N-back task in which the RTs indi-
cated decreased cognitive load in the optimal acoustic condition
(Abs_Mask) compared to the condition where the acoustic design
was inadequate (noAbs_noMask). A marginal tendency toward the
effect of acoustic design was observed in the operation span task
and no effect in serial recall. These findings are somewhat surpris-
ing, as previous research has demonstrated a relation between STI
and performance in both the serial recall [12,13] and the operation
span tasks [13].

There are a few possible explanations for this inconsistency.
Firstly, the present results may reflect a more accurate effect of
the STI on performance in terms of ecological validity because
the experimental conditions and speech materials were carefully
designed from a practically motivated, rather than a theoretical,
point of view. To be more specific, the present study incorporated
variation in STI, and more importantly, included the physical lim-
itations that are associated with reducing STI at short distances
between a speaker and a listener. Along with earlier research
[33], the STI measurements of the present study (see Table 2 and
the spatial decay curves in Appendix A) demonstrate that the effect
of acoustic design becomes more pronounced with increasing dis-
tance from the speech source. This effect was also reflected in the
subjective responses, which showed that the acoustic condition
had an effect on perceived distraction of speech from further away
but not for speech from nearby. In fact, the STI of speech from the
adjacent desk remained relatively high exceeding 0.50 in all condi-
tions, placing all the subjects within a distraction distance from at
least one speech source. According to previous studies, STI should
be below 0.50 in order for performance to improve [12-14,32,34].
The present results demonstrate that open-plan offices similar to
the condition Abs_Mask are not accurately characterized by a low
STI but rather with a smaller probability of exposure to STIs
exceeding 0.50. Therefore, the effect of acoustic improvements on
performance will, in practice, be smaller than has been suggested
by previous studies where the limitations related to distance have
not been considered. To further emphasize this point, it should be
noted that the optimal acoustic condition (Abs_Mask) of the pres-
ent study was very effective in reducing STI because a very low
STI was obtained at only a 6 m distance from a speech source
(Table 2). Thus, the somewhat limited findings on the effect of
acoustic design on performance were not due to inadequacies in
the execution of acoustic conditions, but they rather represent
the practical limitations of room acoustic design.

A related explanation for the rather small performance effects is
based on the possibility of increased attentional capture by intelli-
gible speech in the optimal acoustic condition (Abs_Mask). The idea
of change, or variation, in acoustic perception is seen as an essen-
tial factor in several accounts of noise-related performance effects
(e.g., [19,27,59]). For instance, a duplex-mechanism account [60]
holds that performance impairment is either caused by a conflict
of overlapping processes or by attentional capture caused by an
unexpected acoustic event. Adopting this framework, one may
speculate that intelligible speech had more detrimental impact in
the best acoustic condition (Abs_Mask) than in the other conditions
because the nearby speech was likely to be perceptually salient in

an otherwise reasonably peaceful acoustic environment. In the
other speech conditions, the variation in the acoustic perception
was probably more predictable as all speech sounds were at least
moderately intelligible.

As a second line of explanation, we need to consider methodo-
logical issues as a possible source for the limited number of find-
ings on cognitive performance. The practical execution of the
conditions required the acoustic conditions to be manipulated as
a between-groups variable which introduced individual differ-
ences as a source of experimental error. Individual differences in
intelligence per se will be reflected in any test of cognitive ability
(see [39]), while the susceptibility to background speech also has
considerable individual variation, at least in serial recall [61]. This
individual variation might mask the effects of acoustic conditions
particularly if the effects of acoustic manipulation are expected
to be small in relation to those produced by individual differences.
While WM capacity and noise sensitivity were included in the
analyses to account for some of the variance, it is important to note
that this procedure does not correct for any pre-existing differ-
ences between groups nor remove the effect of individual differ-
ences on the results. Thus, some statistical power to detect
differences was probably lost by the necessity of manipulating
the acoustic conditions between groups. This might explain why
only the differences between the extreme acoustic conditions were
most likely to reach statistical significance.

To further clarify the effect of the between-groups design on the
findings, it is worth comparing the present results with a related
study by Varjo et al. [62]. The study was conducted in the same
laboratory with a within-subject manipulation of two conditions
that had acoustic properties similar to those of the conditions
Abs_Mask and noAbs_noMask of the present study. The acoustic
conditions were combined with changes in the temperature and
ventilation rate but, as separate experiments showed that the tem-
perature and ventilation rate did not affect the cognitive tasks that
were used [41,63], the effects obtained by Varjo et al. [62] can be
mainly attributed to the decrease in STI. They demonstrated signif-
icant effects in the serial recall, operation span, and N-back task.
These findings support the assumption that an optimal acoustic
design similar to the present study can decrease the cognitive dis-
ruptions caused by background speech. The differences in the
experimental design are also consistent with the view that the lack
of similar findings in the present study resulted, at least to some
degree, from the between-groups manipulation of the acoustic
conditions.

4.2. The effect of room acoustic design on subjective perceptions

The data on subjective perceptions provided stronger evidence
in support of the assumed effects of acoustic design on distraction
by speech. Especially perceived disturbance in general and distrac-
tion caused by speech from further away were sensitive to the dif-
ferences between the acoustic conditions. The results showed that
perceived distraction decreased in the optimal acoustic design
(Abs_Mask) as opposed to the conditions with the highest STIs
(noAbs_noMask and Abs_noMask), while best subjective ratings
were obtained when background speech was absent.

The pattern of results is in line with other studies that have
demonstrated that subjective measures tend to be more sensitive
to differences between acoustic conditions than measures of objec-
tive performance (e.g., [12,13,22]). An often-mentioned explana-
tion for the differences between performance and questionnaire
measures is offered by the enhanced effort hypothesis [12,13,22].
According to this view, subjects recognize the acoustic distraction
as harmful for their performance and compensate for the antici-
pated deleterious effects by investing more effort in the task. This
is assumed to diminish the observable effects on performance
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while amplifying the negative experience of the acoustic environ-
ment. The role of compensatory resources and effort has also seen
as an essential mediator between noise and performance effects by
other researchers [19].

At first glance, the current results may not seem compatible
with this line of explanation because the subjective workload (as
measured by the NASA-TLX) did not considerably increase in the
speech conditions. However, the NASA-TLX may not have been
an appropriate measure for subjective workload in the present
study. Firstly, the NASA-TLX questionnaire was completed imme-
diately after each task and the instructions focused on assessing
the perceived workload in the task, not the effect of noise on task
performance. Thus, the ratings probably mostly reflect the
demands of different task characteristics, particularly as the pres-
ence of several cognitive tasks may have led subjects to use other
tasks as a point of comparison. Secondly, the large individual
variation observed in the ratings (Table 3) suggests that individual
differences in response style probably decreased the sensitivity of
the NASA-TLX due to the between-groups design. In other studies
of speech intelligibility, the only other study that has used the
NASA-TLX for assessing the subjective workload also reported a
few small effects [15], whereas studies that have specifically
focused on assessing the perceived performance effect of back-
ground speech (e.g., [12]) have typically reported larger effects.
Thus, the sum scores of perceived disturbance seem more appro-
priate for describing the perceived workload also in the present
study because the included questions were mainly related to
performance, such as effects on concentration and adaptation.
The pattern of results on subjective responses and cognitive perfor-
mance is, therefore, compatible with the explanation that the noise
effects may have been compensated by subjects, leading to fewer
observable performance differences between the acoustic condi-
tions. However, while this explanation has been proposed by sev-
eral researchers [12,13,22], it has not yet been specifically tested in
relation to speech intelligibility and performance. Including the
moderating effect of compensatory effort and adaptation more
explicitly in future studies would help to clarify this issue.

4.3. The effect of the exposure time

A secondary aim of the present study was to assess whether the
effect of acoustic condition would be moderated by the exposure
time, which has not been studied in speech intelligibility research
before. Whereas learning effects were observed across experimen-
tal blocks in all tasks, there were no interactions between acoustic
conditions and the exposure time in the cognitive measures. In
other words, the effects of background speech on performance
were not attenuated nor amplified with increasing exposure time.
The lack of attenuation is in line with the findings that there does
not seem to be habituation to background speech, at least in serial
recall [64]. While the present study was not designed to specifi-
cally test habituation, the results suggest that an absence of habit-
uation might extend to more complex working memory tasks.

The few interactions observed in the NASA-TLX provide modest
support for the alternative hypothesis that some effects of noise
might be amplified with increasing exposure time. This was seen
as a decrease in the subjective workload in Quiet, whereas no
change in relation to the exposure time was observed in the condi-
tions containing background speech. In Quiet, the decline in the
workload most likely reflects decreasing task demand resulting
from task repetition and learning. The absence of this effect in
speech conditions does not, however, indicate impaired learning
because the performance data demonstrate the opposite. The effect
may rather represent an increase in compensatory effort or in
stress response resulting from continuing exposure to background
speech.

The effect of the exposure time is an important topic for future
studies, both regarding the short-term and long-term effects. This
issue is also related to the moderating effects of compensatory
effort discussed in the previous section, as the degree to which
noise effects can be adapted to would influence the long-term
effects on work performance in a wider sense.

4.4. Noise sensitivity and acoustic conditions

The present results also contribute to the research on noise sen-
sitivity by showing that noise-sensitive subjects are more affected
by background speech than non-sensitive individuals, both in
terms of cognitive performance and the subjective effects of noise.
Whereas the relation between noise sensitivity and subjective
responses, such as annoyance, has been well-documented (e.g.,
[65]), there has been less research conducted on the relation
between noise sensitivity and performance (see e.g., [40]). Within
the speech intelligibility research, the present study is the third
to include an investigation of noise sensitivity and the first to sug-
gest some moderating effects in relation to acoustic conditions. The
difference between the present findings and those of the previous
studies including noise sensitivity [13,17] is probably accounted
for by the choice of noise sensitivity measures. The previous stud-
ies used items from Weinstein’s [66] noise sensitivity scale, which
has been considered to be too general to be substantially related to
specific measures of performance [61]. In the present study, we
employed a more specific measure from NoiSeQ [56] that focuses
on perceived susceptibility to performance effects due to noise.
Apparently, this measure was more sensitive and appropriate for
the present research design and could be also utilized in similar
studies in the future.

The present results also suggest that noise-sensitive individuals
might benefit more from acoustic improvements, at least in terms
of subjectively perceived distraction caused by speech. This was
demonstrated by the stronger effects of acoustic condition among
the noise-sensitive than the non-sensitive individuals. However,
the effect of noise sensitivity was a secondary question in the pres-
ent study and, to simplify the interpretation, it was described with
a rough categorical variable. Future studies could explore this issue
further using more detailed analyses of the effect of individual
noise sensitivity.

4.5. Limitations of the present study

Both the strengths and weaknesses of the present study are
related to the practically motivated research design. As a result
of the physically-built experimental conditions, two methodologi-
cal compromises occurred, namely the between-groups manipula-
tion of the acoustic conditions and the lack of random assignment
of subjects to the experimental conditions. As already discussed
above, the between-groups manipulation may have weakened, to
some extent, the statistical power of the experiment to detect
expected differences between the acoustic conditions.

Due to the long time frame of the study, subjects were acquired
for one condition at a time and, therefore, could not be randomly
assigned to experimental conditions. This resulted in an unfortu-
nate unbalance in gender distribution across the conditions as
there were fewer male volunteers available toward the end of
the study. Although this issue weakened the analysis of subjective
workload (the analyses were only performed for females), we have
no reason to believe that there were gender effects on other mea-
sures used in the study. Even if that had been the case, this would
have only affected the results obtained in the condition with no
acoustic treatment (noAbs_noMask), as the proportion of males
was not substantially different in the other three conditions. The
lack of random assignment may have, in theory, introduced other
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unknown biases but none of the collected background data (i.e.
age, noise sensitivity, WM capacity) suggest that.

The choice of presenting speech from only one speaker at a time
might seem to limit the practical validity of the study design as in
most open-plan offices occupants are more likely to hear several
simultaneous voices. There is indeed some data to suggest that
the babble caused by simultaneous speakers has less effect on per-
formance as individual voices become undistinguishable [67].
However, this effect is only observed if the voices come from one
location, whereas the disruption is restored when speakers have
different locations [67], as they would have in an open-plan office.
Thus, simultaneous speech sounds would only be beneficial in
exceptional cases, such as in very large open-plan offices where a
large number of workers are continuously engaged in conversation
or phone-calls (e.g., call centers). Hence, the use of only one
speaker at a time seems justified in the present study.

4.6. Practical implications and conclusions

The present results show that, with an optimal acoustic design,
the intelligibility of background speech and the associated distrac-
tion can be effectively reduced when the speaker is at least four-to-
six meters away from the listener. Achieving such conditions
requires the simultaneous use of high room absorption, high
screens, and artificial speech masking sound. According to the
present results, a recommended masking sound level of 45 dB Laeq
is not in itself perceived as a distraction, even among the more
noise-sensitive individuals. The present results also clearly demon-
strate that the mere addition of high room absorption and high
screens does not affect subjective distraction or cognitive perfor-
mance if the masking sound level is insufficient. However, the
STI cannot be reduced enough by room acoustic means to decrease
distraction caused by speech from the nearest desks (two-to-three
meters away). This conclusion also applies to a situation where
occupants are already slightly lowering their voice levels as this
effect was taken into account in the present experimental design.

The limitations of reducing STI at close distances indicate that
the acoustic problems resulting from unwanted speech in open-
plan offices cannot be solved by room acoustic design alone. There
are several additional ways to reduce distraction and enhance pos-
sibilities for concentration. Attention should be paid to desk den-
sity as higher density will increase the number of speech sources
nearby, i.e., within the distraction distance, thus weakening the
effectiveness of the existing room acoustic means. For comparison,
the average seat-to-seat distance was 2.5 m in the present study.
Seating arrangements may also be important as team members
or workers with similar tasks are more likely not to disturb each
other than workers with unrelated work contents. Another com-
monly applied practice is the use of a behavioral etiquette to
reduce the degree of distraction and interruption in an open-plan
office. Most importantly, the possibilities for concentration can
be improved by providing anonymous rooms within easy reach
where working phases with higher concentration demands, telem-
eetings, phone calls, and ad hoc meetings can be carried out. A
peaceful working space should be provided particularly for individ-
uals whose work involves high demands on short-term and work-
ing memory and for individuals who are noise-sensitive.

The standardized room acoustic features of the three acoustic
conditions in the present study were also measured according to
the new standard ISO 3382-3 [20] (see Appendix A). The results
of the present study support the use of the standard in the future.
Especially, the use of the distraction distance as a primary indicator
of room acoustic quality is encouraged as it is closely associated
with speech intelligibility and the distraction caused by back-
ground speech.

Table A1
The single-number quantities of ISO 3382-3 in the three acoustic
conditions that included speech in the background.

Acoustic condition Dy (dB) rp (m)
noAbs_noMask 14 38
Abs_noMask 8.5 11
Abs_Mask 8.5 34
STI L5 [dB]
1.0 65
0.9 1
05 I—I\-'\-
0.7 1 55 4
0.6 1
0.5 1
0.4 1
45
0.3 1
0.2 1
0.1
0.0 35
1 10 1 10
r [m] r [m]

—l— noAbs_noMask
—O— Abs_noMask —O— Abs_noMask
—/— Abs_Mask and Abs_Mask

(a) (b)

Fig. A1. Spatial decay of (a) Speech Transmission Index, STI, and (b) A-weighted
equivalent speech level, Ls 4, in the three acoustic conditions containing speech. The
distance to the speaker is r.

—— noAbs_noMask

In sum, the present results show that reducing the distraction
distance of an office improves the conditions particularly in terms
of subjective perceptions and distraction, but also in terms of
cognitive performance. However, the best conditions for these out-
comes are achieved when background speech is completely absent,
which supports the use of private rooms when the cognitive
demands of work tasks are high.
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Appendix A. ISO 3382-3 measurements

The single-number quantities, spatial decay rate of speech, D, s
and distraction distance, rp, that resulted from the ISO 3382-
3:2012 [20] measurements are shown in Table Al and Fig. Al.
The spatial decay rate of A-weighted speech, D, s, describes how
many decibels the speech level is reduced when the distance to a
speaker is doubled. The distraction distance rp describes the dis-
tance within which the value of STI remains above 0.50. In order
to have good speech privacy, rp should be small. D, s, alone does
not indicate speech privacy because it does not take masking
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sound into account. However, this quantity describes how well the
room itself (including the furniture) attenuates sound. It must be
emphasized that these measurements were made using standard
speech effort and an omni-directional speaker which were not
used in the experiment. The perceived conditions of the experi-
ment are described in Table 2 and Fig. 5. Therefore, the results of
this Appendix A present supportive data to understand how the
experimental conditions related to typical conditions found in
workplaces (see e.g., the measurements by Virjonen et al. [33]),
and how the STI and speech levels behaved at different distances
from a speaker.
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