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Summary
The aim of this study was to compare different sounds which can be used in open-plan offices to mask distracting
speech. Fifty-four subjects were tested in seven sound conditions: speech, silence and five masked speech condi-
tions. The five masking sounds were filtered pink noise, ventilation noise, instrumental music, vocal music and
the sound of spring water. They were superimposed on speech. The masked speech conditions corresponded to an
acoustically excellent open-plan office in respect to the Speech Transmission Index (STI 0.38). The speech condi-
tion (STI 0.62) corresponded to the STI obtained between nearby workstations in an acoustically poor open-plan
office. Silent condition (STI 0.00) corresponded to the STI measured between two nearby private office rooms. In
each of the seven sound conditions, the subjects performed a short-term memory task, a proofreading task and a
creative thinking task and completed a questionnaire on acoustic comfort. Compared to silence condition, short-
term memory performance deteriorated in speech condition and in most masked speech conditions. Compared to
speech condition, performance improved when speech was masked with spring water sound. Ratings of acoustic
satisfaction and subjective workload showed that masked speech conditions subjectively improved the working
conditions compared to speech condition. Overall, the performance results and subjective perceptions showed
that the spring water sound was the most optimal speech masker whereas vocal music produced negative effects
similar to those of speech. The use of constant masking sounds should be preferred in open-plan offices instead
of instrumental or vocal music.
PACS no. 43.55.Hy, 43.66.Dc, 43.66.Lj

1. Introduction
1.1. Noise in open-plan offices
The concept of open-plan offices and landscaped offices
was introduced in the 1960’s. Nowadays, most office
workstations are located in open-plan offices. However, a
growing body of scientific evidence points at the disad-
vantages of open-plan offices, such as worker dissatisfac-
tion and increased cognitive workload (e.g. [1]), fatigue
and difficulties in concentration [2, 3], and subjective im-
pairment of work performance (e.g. [3, 4]. The most com-
monly mentioned cause for these problems is the acous-
tic environment of open-plan offices, i.e. office noise and
lack of speech privacy [5, 6, 7]. In office surveys, cowork-
ers’ speech is typically rated as the most distractive noise
source [3, 4, 7].
An appropriate room acoustic design for open-plan of-

fices requires that the distraction by speech sounds is suf-
ficiently controlled. In order to achieve this, room acous-
tic guidelines encourage the simultaneous consideration of
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several factors: absorbers on ceiling, walls and furniture,
high screens and storage units, distance between worksta-
tions, enclosure of workstations and the use of artificial
masking sound [8, 9, 10]. All these factors, except the last
one, aim at reducing the sound pressure level (later: level)
of speech. Masking sound is needed to cover the remaining
speech sounds to reach negative values of speech-to-noise
ratio. The speech-to-noise ratio, LSN , is defined as the dif-
ference of the levels of speech and background noise.

The necessity of masking sound was already recognized
at the early stage of the development of the open-plan
office concept [11, 12]. Artificial masking sound is rec-
ommended if the inherent A-weighted background noise
level, LA,eq, in the office is below 40 dB. This is very often
the case as the noise levels of air conditioning and office
equipment have been reduced. This study focuses on the
question, what kind of audio material should, or should
not, be used as masking a sound.

1.2. Effects of irrelevant speech on cognitive perfor-
mance

The need for the acoustic control of speech sounds is
backed up by ample evidence from cognitive psychology.
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Background speech has an effect on several cognitive abil-
ities, with the performance decrements varying between 4
and 41% in different laboratory experiments, see review
by Hongisto [13]. The best-established finding in this area
of research is the disruption of serial memory by irrele-
vant sound (e.g. [14, 15], known as the irrelevant sound
effect, ISE. In a typical experiment, subjects are required
to recall visually presented verbal material, e.g., digits, in
the order of presentation, while ignoring the background
sounds. This is a classic procedure for testing short-term
memory, which is a type of memory used for maintain-
ing information in mind for a short period of time so that
further processing of the information is possible. Short-
term memory is a central component in human informa-
tion processing. The disruption of short-term memory by
irrelevant background speech is empirically robust. Most
individuals show the effect and the average impairment of
performance can be as high as 30% [16]. Irrelevant back-
ground speech has also been found to disturb more com-
plex tasks, such as proofreading [17, 18], reading compre-
hension [19], activation of prior knowledge in long-term
memory [20] and logical reasoning [21].
There are several explanations for the disruption of per-

formance caused by irrelevant speech. Currently, the most
common view seems to be that performance is disrupted
if the cognitive processes required in the task conflict with
those processing auditory stimuli (interference-by-process
view, e.g. [16, 22]). In other words, there is no general
effect of noise on performance but it rather depends on
both task demands and the properties of the sound. The
ISE observed in serial recall is generally attributed to the
acoustic variability of the sound (changing-state hypothe-
sis, see [23]), and it does not occur with continuous noise,
like pink noise, where temporal variations cannot be dis-
tinguished [24]. The disruption is only expected to occur if
the sequences of sounds sufficiently change in frequency,
pitch or modulation. The automatic processing of such
changing sounds is assumed to engage the same cognitive
processes that are required in maintaining order informa-
tion in short-term memory [22]. The level of background
speech does not affect performance within the range from
35 to 85 dBA provided that speech intelligibility is perfect
[25, 26, 27].
In addition to speech, the ISE occurs with other variable

sounds, such as irrelevant tones that are presented with
the same duration and frequency as syllables in speech
[28] and music [29], particularly vocal music [30, 24]. The
changing-state features seem to be the deciding factor, i.e.
instrumental music has to have distinct temporal-spectral
variations to cause a disruption [31].
The changing state hypothesis presumes that when

speech is the irrelevant sound, the information content of
speech does not contribute to the effect observed in serial
recall performance. However, there is some contrary evi-
dence suggesting that the semantic processing of speech
brings additional disruption. LeCompte et al. [32] showed
that meaningful speech disrupts serial recall more than ir-
relevant tones used by Jones and Macken [28]. Words with

negative affective content also produce a greater ISE than
neutral words [33]. Following from the interference-by-
process view, the semantic content of irrelevant speech,
e.g., whether it is native or foreign language, is expected
to be most critical in tasks that require semantic process-
ing, such as reading comprehension or proofreading.

1.3. Speech Transmission Index

It has been suggested that the effect of speech on cog-
nitive performance increases with increasing speech in-
telligibility [13, 20, 25, 26, 34, 35]. Acoustic satisfac-
tion also decreases with increasing speech intelligibility
[18, 20, 35, 36]. Compared to the changing state theory,
speech intelligibility is a more suitable concept for ex-
plaining speech-related performance effects in open-plan
offices where speech sounds are the dominant source of
distraction and speech intelligibility can be objectively es-
timated.

The Speech Transmission Index, STI, is widely used
in Europe as an objective descriptor of speech intelli-
gibility (IEC 60268-16). It can easily be measured be-
tween speaker and listener workstations in open-plan of-
fices. The measurement of STI between workstations in
also included in the international committee draft stan-
dard which describes the measurement of room acoustics
in open-plan offices (ISO/DIS 3382-3) The STI is a rough
estimate of the percentage of correctly heard consonant-
vowel-consonant syllables. When STI is 0.00, subjective
speech intelligibility is zero. It is reached when the room
reverberation is large and/or speech-to-noise ratio, LSN , is
below −15 dB. When STI is 1.00, subjective intelligibility
is perfect. It is reached only in anechoic conditions when
the LSN is larger than +15 dB. In open-plan offices, the
STI mostly depends on the LSN . Therefore, speech pri-
vacy can be improved by reducing theLSN . Typical values
of STI in open-plan offices are between 0.00–0.80 depend-
ing on the room acoustic conditions and the distance to the
speaker [10].
Hongisto [13] has presented a model that describes a

relation between the STI and cognitive performance. The
model was based on a literature review of laboratory ex-
periments that have investigated the effect of speech on
performance. The model predicts that performance starts
to decrease when the STI exceeds 0.20. The maximum de-
crease is reached when the STI exceeds 0.60. The model
gives clear evidence that the STI should be minimized be-
tween workstations to maintain optimum cognitive perfor-
mance.

1.4. Quality of masking sound

The use of masking sound decreases speech intelligibil-
ity and should similarly decrease the performance effects
of background speech. But what should the level and the
spectrum of masking sound be like? Previous studies have
typically used pink noise (e.g. [34]), pink noise filtered
to approximately −5 dB/octave [18, 20] or white noise
[37] as a masking sound. The spectra are presented in the
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Methods. Veitch et al. [36] conducted two laboratory ex-
periments on the effects of the spectrum and the level of
continuous and random electrical noise on acoustic sat-
isfaction and speech masking efficiency. They concluded
that an optimum spectrum of masking sound should ap-
proximately follow the speech spectrum, i.e. a slope of
−5 dB per octave increment in the frequency range 125–
8000Hz, and the level should not exceed 45 dBA. This
kind of sound is easy to produce by filtering pink noise.

Music could also be one potential masking sound in-
stead of continuous sounds. Music has been present in
workplaces since the 20th century [38]. It is spontaneously
used by many workers to mask unwanted sounds of the
office environment [3]. Music is believed to have a mood-
lifting influence on workers [39, 40], which continuous
noise has not been assumed to do. However, the more
the work requires high concentration, the more disturbing
background music is experienced by the workers [39].

Schlittmeier and Hellbrück [41] have tested the po-
tential use of music as a masking sound. The labora-
tory experiment included two types of instrumental mu-
sic: staccato music, which had distinct temporal-spectral
variations, and legato music that lacked strong changing-
state features. Music conditions were compared to pink
noise (see Methods for spectrum). All three masking
sounds, presented at LA,eq = 55 dB, were superimposed
onto recorded office noise, also presented atLA,eq = 55 dB.
Only pink noise improved the performance on a serial
recall task when compared to the office noise without
masking. Subjective ratings revealed that most participants
would prefer legato music to pink noise in open-plan of-
fices. We suggest that the pink noise might have been as-
sessed more favourably if a more comfortable spectrum
had been used, e.g., pink noise filtered to −5 dB per oc-
tave suggested by Veitch et al. [36]. Pink noise possesses
equal level at every octave band, while comfortable mask-
ing follows the spectrum of speech, including significantly
less high frequency sounds (see Methods for spectrum).
The present literature does not directly answer the ques-

tion what kind of masking sound would be the most ap-
propriate for open-plan offices with respect to both work
performance and acoustic satisfaction. The most common
inherent masking sounds in offices are ventilation noise or
external constant road traffic noise. However, they are in-
appropriate in most cases because of improper spatial uni-
formity, sound pressure level or sound quality. Non-speech
sounds caused by working and babble can also produce ap-
propriate sound masking in large and reverberant offices.
Babble can be formed by the simultaneous talk of more
than eight people which makes individual speech undis-
tinguishable. Jones and Macken [42] showed that babble
does not cause as a strong distraction that is caused by
one speaker or a couple of simultaneous speakers. How-
ever, the level of babble cannot be controlled, and when
too loud, it will produce problems for normal conversation.
Therefore, the promotion of babble does not belong to the
room acoustic design guidelines. In conclusion, artificial
masking sounds, such as optimally filtered pink noise, or

recorded sounds from the nature or the environment, have
been of particular interest among product manufacturers
and end-users. Artificial masking sound is produced by
loudspeakers. Commercial masking systems exist both for
local and department level purposes. The former is suitable
for situations where each workstation needs to be provided
with an independent masking sound system. The latter is
suitable for situations where the whole open-plan office
needs to be exposed to the same masking sound.
The application of artificial masking sound technol-

ogy is often regarded with reservations among architects,
workplace representatives and workers, if they are not fa-
miliar with the principles of speech masking. Therefore,
experimental studies should investigate both positive and
negative effects of masking sound to reach a better im-
pact on workplace design. One of the greatest concerns
is related to the adverse health effects of noise as such.
Increased occupational and environmental noise is asso-
ciated with interference of sleep, cardiovascular and psy-
chophysiological systems and social behaviour, and with
annoyance responses [43]. However, masking sound in-
creases the A-weighted level, LA,eq,8h, in the office only
marginally. The level of office noise is usually between
46 dB and 58 dB [44]. The recommended level of masking
sound is usually 45 dB at most [8]. Adding such a mask-
ing sound over office noise increases the overall level less
than 1 dB. Such a difference should not increase the phys-
ical load.

1.5. Aim of the study

The aim of this study was to compare five different mask-
ing sounds in terms of cognitive performance and subjec-
tive perception. Similar sounds can be used to mask dis-
tracting speech in many open-plan offices. The study in-
cluded seven sound conditions: silence, speech and five
masked speech conditions. The different types of mask-
ing sounds and the correspondence of the sound condi-
tions and open-plan office conditions are described in Ta-
ble I. The performance effects were assessed with three
tasks: serial recall, proofreading and creative thinking
tasks, which represent different aspects of every-day office
work. The following research questions were addressed.
Q1. Do speech (STI 0.62) and masked speech (STI

0.38) impair cognitive performance and acoustic satisfac-
tion in comparison to silence (STI 0.00)? Silence is used as
a baseline condition as it is assumed to represent an ideal
working environment for cognitively demanding work. It
is hypothesized that speech will impair both performance
and acoustic satisfaction. A similar effect is also expected
to occur in masked speech conditions.

Q2. Does the reduction in STI improve cognitive per-
formance and acoustic satisfaction, i.e. do the five masked
speech conditions differ from speech? It is hypothesised
that a lower STI will improve both task performance and
acoustic satisfaction.
Q3. Do the five masked speech conditions differ from

each other in terms of their benefits or adverse effects re-
garding cognitive performance and acoustic satisfaction?
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Table I. Acoustic descriptions of the seven sound conditions. All
levels represent equivalent A-weighted sound pressure levels.LS

= speech, LN = masking, Ltot = total level, LSN = speech-
to-noise ratio, i.e. the difference of speech and masking. STI
= Speech Transmission Index. The following abbreviations are
used in figures:

“silence”: speech and masking sounds absent,
“speech”: highly intelligible speech, no masking sound,
“pink”: speech masked with filtered pink noise,
“ventilation”: speech masked with ventilation noise,
“instrumental”: speech masked with instrumental music,
“vocal”: speech masked with music containing lyrics,
“water”: speech masked with spring water sound.

abbreviation LS LN Ltot LSN STI

silence – 37.5 37.5 −∞ 0.00
speech 47.8 37.5 48.2 10.4 0.62
pink 44.8 46.1 48.5 −1.3 0.39
ventilation 44.8 45.0 47.9 −0.2 0.37
instrumental 44.8 45.1 47.9 −0.3 0.35
vocal 44.8 45.1 47.9 −0.3 0.36
water 44.8 45.0 47.9 −0.2 0.40

If such differences were found, it would suggest that the
masking sound type is important, in addition to the ac-
quired STI value. Also, for a masking sound to be optimal,
it should not be rated as annoying in itself.

2. Methods

2.1. Subjects

Fifty-four university students, 33 men and 21 women took
part in the study. Subjects were 19 to 45 years old (mean
= 26; standard deviation = 5) and native Finnish speakers.
None of the subjects had dyslexia or reported any hear-
ing difficulties. Subjects were recruited via the university’s
email lists and were paid 50 euros for participating.

2.2. Laboratory room

The research was carried out in an office laboratory
(30m2) of the Finnish Institute of Occupational Health in
Turku (Figure 1). The room was designed to resemble a
neutral clerical office. The most important factors of the
indoor environment were designed to meet current rec-
ommendations. The workstations were separated on three
sides by 1.30 meter high screens. The furniture and com-
puters complied with present-day ergonomic recommen-
dations.
An indirect lighting system was used. Illuminance was

set at 400 lx on the table of occupied workstations. No
glare problems occurred in the workstations. The equiv-
alent octave band level, temperature, CO2 concentration
of the room, supply airflow rate to the room and relative
humidity were monitored (Sinus Harmonie Light). Room
temperature was measured at the height of hands and at
the height of feet. The room temperature rose by 1 to 2 ◦C
during the experiments, but remained within comfortable
range from 22 to 25 ◦C. The supply airflow rate to the room

S4

M1

S3

S2

S1

M2

M3 M5

M4

Figure 1. The office laboratory contained eight workstations.
Four subjects sat in the middle. Speech samples were pro-
duced randomly from four dummy workstations (S1-S4). Mask-
ing sound was produced by five loudspeakers hidden above the
suspended ceiling (M1-M5).

was 60 l/s. The relative humidity varied between individ-
ual tests from 18% to 26% depending on the weather. The
CO2 concentration in the room (520–730 ppm) did not
produce a risk of fatigue. The A-weighted equivalent level
was monitored in each session to check that the level did
not exceed the nominal values of Table I. Neither the sub-
jects nor the researcher affected the average levels of the
room by their own activity. The average levels in the ex-
perimental condition deviated from the nominal levels pre-
sented in Table I by less than 1 dB.
The early decay time and speech-to-noise ratios were

determined (winMLS) to define the STI of normal ef-
fort speech between the speech loudspeakers and occupied
workstations [10]. The average early decay times were
0.46, 0.40, 0.35, 0.35, 0.30, 0.28 and 0.26 in the octave
bands 125, 250, 500, 1000, 200, 4000 and 8000Hz, re-
spectively. The values correspond to an open-plan office
with very high room absorption.

2.3. Design of sound conditions

The main motive of this study was to compare different
masking sounds. In commercial applications, filtered pink
noise has been most frequently used as the speech mask-
ing sound, because it is easily available, inexpensive, sta-
ble, maintenance-free and an effective speech masker. It
was also used in our previous laboratory and field stud-
ies [18, 20, 45, 46]. Several workplace designers and end-
users have suggested the use of natural sounds, music and
ventilation as they might be more acceptable than artifi-
cial sounds, like filtered pink noise. However, most natural
sounds do not mask speech very well because of spectral
features. We decided to use recorded spring water sound
because its spectrum was close to the preferred masking
sound spectrum suggested by Veitch et al. [36]. Both vocal
music and instrumental music were selected because radio
listening by earphones is a very popular way to personally
mask surrounding speech. Finally, we selected recorded
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Figure 2. Octave band spectra of the seven sound conditions
recorded in the room. The curves represent the time average in
the workstations. Spectra represent total sound pressure levels of
Table I. The pink noise spectrum is shown to demonstrate the
difference to the filtered pink noise. The conditions with an as-
terisk (*) are masked speech conditions in which the sound was
presented together with speech (see Table I).
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wav file*

Audio editing
(Adobe)
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played at a time

n n n

CD playback
(Marantz)

Figure 3. Creation of speech (S) and masking (M) sounds.

ventilation sound as it is the most common environmen-
tal sound in buildings. No other masking sounds were se-
lected because of the limitations of the experimental de-
sign.

The spectra of the five masking sounds, as well as the
spectra of bare speech and silence, are presented in Fig-
ure 2. Because the spectra were measured in the room,
they include the background noise of the room. There-
fore, the bass content of speech condition is higher than
the speech actually emitted by the loudspeakers and the
spectrum deviates slightly from typical standardized uni-
sex speech spectrum [47]. In addition, the room modes
and room acoustics may change the spectrum of speech
slightly.

The sound conditions were designed to correspond to
acoustic conditions in offices in terms of level and STI.
This study contained three STI values, 0.00, 0.38 and 0.62.
Silence condition corresponds to STI 0.00. Such an en-
vironment is reached in private office rooms when doors
are closed and the walls are sound-proof. An STI of 0.38
represents an open-plan office with very good acoustic de-
sign where speech intelligibility is significantly lowered.
An STI of 0.62 represents a poorly designed open-plan of-
fice where speech intelligibility is high. Both STI values
can be reached between nearby workstations in open-plan
offices depending on the room acoustic design [9, 10].

The level of normal effort speech is approximately
LA,eq,S = 59 dB at a distance of 1 meter from the mouth
[47]. According to the laboratory experiments of Vir-
jonen et al. [9], the A-weighted level of normal effort
speech, measured in the neighbouring workstation behind
the screen, varied between 39 and 55 dB, depending on
room absorption and screen height. Hongisto et al. [48]
and Virjonen et al. [10] have made similar measurements
in open-plan offices. However, the level of speech never
fell below 45 dB in the nearest workstation. Therefore, the
speech levels of 45 dB (during the five masked speech con-
ditions) and of 48 dB (during speech condition) were jus-
tified on the ground of this field evidence.

During the speech condition, no masking sound was
played. The only speech masker was the background noise
of the room, which corresponded with the silent condi-
tion. However, its level was 10 dB lower than the level
of speech. Therefore, the speech intelligibility was high.

The reduction of the STI was done by reducing the
speech-to-noise ratio, see Table I. The total A-weighted
level was 48 dB in all sound conditions except the silent
condition. A constant total level was used since level dif-
ferences were beyond the scope of this study. The masked
speech conditions consisted of two modifications to the
speech condition: the level of speech was reduced by 3 dB
to 45 dB. This reduction of speech level corresponds with
a minor room acoustic improvement. In addition, the level
of masking sound was presented at the level of 45 dB.

2.4. Creation of speech and masking recordings

Masking sound and speech were presented in the labora-
tory room from separate loudspeaker systems, see Figures
1 and 3. Six speech recordings were edited because all
sound conditions except silence included speech sounds
(Adobe Audition). Each of them was 25 minutes long. Of-
fice sounds other than speech were not used. Materials for
the recordings were obtained in CD format from eight dif-
ferent radio programs (YLE, Finland). The audio materi-
als were stored before the broadcasting so that the speech
was uncompressed and contained normal level variations
of speech. The programs were in interview format with
one male and one female native Finnish speaker taking
part. The programs were intentionally selected to be as
neutral as possible, and were not of current interest nor di-
rected at the age group of the subjects. The speech was cut
into 10- to 30-second-long full-sentenced samples. In each
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sample, only one person was talking. The levels were nor-
malized between samples. There was a 3.2-8.8-second si-
lence between each sample. The successive samples were
taken from different programs so that there was no plot to
follow. Thus, the final recording resembled a normal of-
fice environment where both speech and silence alternate
arbitrarily. The speech samples were mostly the same as
in Haka et al. [20]. Final speech recordings were stored
randomly on 4 channels of a hard disc recorder (Alesis
adat HD24) and distributed on four separate loudspeaker
channels. Only one loudspeaker produced speech at a time.
The speech recordings were played via four loudspeakers
(Genelec 8020) that were located in neighboring worksta-
tions around the subjects at a height of 120 cm. A statisti-
cal analysis of the variation in the level and STI was made
on the basis of 30-second-long samples. The standard de-
viation of the A-weighted level of speech was±1.4 dB dur-
ing the whole speech recording (Table I), resulting in a
standard deviation of the STI of about 0.05. When any of
the four speech loudspeakers was active, the variation in
level was within ±1 dB in the four subjects’ workstations.
Low standard deviation was obtained because the ceiling
above the workstations was reflecting so that the speech
was easily distributed over the workstations.
The vocal music consisted of five Finnish pop-songs fre-

quently heard on the radio (’Suomen neito’ performed by
Jani Wickholm; ’Virta mua kuljettaa’ by Lauri Tähkä and
Elonkerjuu; ’Mansikkamäki’ by Katri Ylander; ’Enkelten
kaupunki’ by Jippu; ’Ruoste’ by CMX; ’Myrskypääsky-
nen’ by J. Karjalainen; ’Unohtaisinpa’ by Kristiina Brask).
Instrumental music consisted of five classic pop and rock
pieces interpreted by the London Symphony Orchestra
(’She’s not there’ by Rod Argent; ’Don’t give up’ by Peter
Gabriel; ’You’re the voice’ by Reid, Thompson, Ryder and
Qunta; ’Lady in red’ by Chris de Burgh; ’Separate lives’
by Stephen Bishop).
Masking sounds were obtained either from live record-

ings (ventilation and spring water), from commercial au-
dio tracks (for instrumental and vocal music) or from dig-
ital sources (filtered pink noise). The sounds were trans-
ferred to a mixing program (Adobe Audition 1.0) and
stored on CD’s. The CD was played in the experiments
(Marantz CD4000) and filtered by a 16-channel digital
mixer (Yamaha DME24N) before feeding to the loud-
speakers. The filtering was done in 1/3-octave bands to
compensate the slight spectrum changes caused by the
room. Masking sounds were played via 5 loudspeakers
(Genelec 8020) mounted above a suspended ceiling. Each
of the five masking loudspeakers had an independent filter
(Yamaha DME24N) to obtain an equal frequency response
in each workstation.

2.5. Questionnaire

At the beginning of the experiment, background informa-
tion including gender, age, the amount of sleep during the
preceding night, and arousal, were measured. Arousal was
measured with a modified version [49] of the Karolinska

sleepiness scale [50]. An acoustic satisfaction question-
naire was administered after each sound condition. This
included 16 items that measured different subjective as-
pects of the sound condition (Table II). Most of the ques-
tions were taken from the study by Haka et al. [20]. The
items also included four future-oriented questions (items
9–12 in Table II) adapted from Veitch et al. [36] that eval-
uated the applicability of the sound environment in every-
day working. Attempts were made to group items together
with factor analysis but the factor structures differed be-
tween the sound conditions, i.e. sum variables could not be
formed using statistical methods. Therefore, two sum vari-
ables were created on the basis of theoretical consideration
(Table II). The sum variable of greatest interest was acous-
tic satisfaction which included 12 items and had Cron-
bach’s Alphas between 0.91 and 0.94 in different sound
conditions. Four items focusing on subjective ratings of
performance and effort were averaged together to form
a sum variable for subjective workload (Cronbach’s Al-
phas between 0.72 and 0.85). This variable was included
because previous studies have suggested that the subjec-
tive awareness of distraction may encourage subjects to
invest more effort in performance, which may obscure the
relationship between sound condition and measured per-
formance [26]. The questionnaire also included an assess-
ment of arousal and ratings of disturbance caused by dif-
ferent noise sources. All the questionnaires were presented
with an internet-based software (Digium, Finland). At the
end of the experiment, the disturbance caused by other en-
vironmental factors was rated on a scale from 1 to 5 to
control that they had not affected the experiment.

2.6. Performance tests

In the serial recall task, subjects had to recall visually pre-
sented digits from 1 to 9 in the order of presentation. The
digits were presented in a random order, each digit appear-
ing only once in a sequence. Digits were presented on the
computer screen at the rate of 1 per second, with an in-
terdigit interval of 1.5 seconds, i.e. the onset-to-onset of
digits was 2.5 seconds. After a sequence, subjects recalled
the digits by clicking numbers in the same order on a 3x3
array on the screen. Subjects had the possibility to click
‘empty’ if they could not remember a number in a certain
serial position. The task contained 10 sequences. The per-
centage of digits not recalled in their correct positions was
calculated for each sequence. The average score from all
10 sequences (mean error rate) was analysed.

The creative thinking task was a formulation [51] of
Guildford’s Alternate Uses Task [52]. The subjects were
instructed to write down as many alternative uses for an
object as possible in 5 minutes. They were presented with
one name of an object on a paper and the common use
of the object was given. The 7 objects were brick, car
tire, broomstick, fishing net, fork, potato and tennis ball.
Two dependent variables were formed for the analysis:
ideational fluency and ideational originality. Ideational flu-
ency was calculated by adding up the number of responses
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Table II. Means and standard deviations (in brackets) for the sum variables of acoustic satisfaction and subjective workload, and for the
individual items of the sum variables in the seven sound conditions. The conditions with an asterisk (*) are masked speech conditions
in which the sound was presented together with speech (See Table I). SE = Sound environment, r = reverse-scored in the sum variable
of acoustic satisfaction. Individual items were rated on a scale 1–5 (completely disagree – completely agree). ventil.: ventilation, instr.:
instrumental, p.o.t: periods of time, consid.: considering.

Variable silence speech pink* ventil.* instr.* vocal* water*

Acoustic satisfaction 4.5 (0.6) 2.3 (0.9) 3.0 (0.9) 2.9 (0.8) 2.8 (0.9) 2.3 (0.9) 3.0 (0.8)

The twelve items in acoustic satisfaction:
1. SE was pleasant 4.4 (1.0) 2.2 (1.1) 2.7 (1.0) 2.3 (1.0) 2.7 (1.2) 3.0 (1.2) 2.8 (1.0)
2. SE was disturbing [r] 1.4 (0.9) 3.9 (1.2) 3.0 (1.2) 3.2 (1.2) 3.3 (1.3) 3.8 (1.1) 3.2 (1.1)
3. SE was acceptable 4.7 (0.6) 2.6 (1.2) 3.4 (1.1) 3.2 (1.0) 3.1 (1.2) 3.1 (1.2) 3.4 (1.0)
4. SE was loud [r] 1.1 (0.3) 3.4 (1.3) 2.7 (1.1) 2.8 (1.0) 2.9 (1.2) 3.4 (1.2) 2.7 (1.0)
5. Overall I was satisfied with SE 4.4 (1.0) 2.1 (1.1) 2.7 (1.0) 2.4 (1.0) 2.7 (1.2) 2.6 (1.1) 2.7 (1.1)
6. Habituation to SE was easy 4.7 (0.7) 2.6 (1.2) 3.6 (1.1) 3.2 (1.0) 3.2 (1.2) 3.1 (1.4) 3.5 (1.1)
7. Surprising changes occurred in SE [r] 1.1 (0.4) 3.0 (1.3) 2.6 (1.3) 2.5 (1.2) 2.9 (1.4) 2.8 (1.4) 2.3 (1.3)
8. SE caught my attention often [r] 1.7 (0.9) 3.9 (1.0) 2.9 (1.1) 2.9 (1.1) 3.4 (1.1) 4.0 (0.8) 2.9 (1.0)
9. I could work uninterrupted for long p.o.t. 4.2 (0.9) 2.2 (1.2) 2.9 (1.1) 2.7 (1.2) 2.4 (1.3) 2.3 (1.3) 2.9 (1.2)
10. I could work effectively for long p.o.t. 4.2 (1.0) 2.1 (1.1) 2.9 (1.1) 2.7 (1.1) 2.5 (1.2) 2.4 (1.1) 2.8 (1.2)
11. SE would not annoy me 4.2 (1.0) 2.2 (1.2) 2.6 (1.2) 2.5 (1.2) 2.5 (1.3) 2.6 (1.3) 2.6 (1.1)
12. I could accept SE consid. the work I do 4.4 (0.9) 2.3 (1.3) 2.8 (1.3) 2.7 (1.2) 2.5 (1.3) 2.7 (1.2) 2.8 (1.3)

Subjective workload 2.0 (0.8) 3.5 (0.7) 3.0 (0.8) 3.1 (0.8) 3.2 (0.9) 3.5 (0.8) 3.1 (0.9)

The four items in subjective workload:
1. SE impeded my ability to concentrate 1.5 (0.9) 4.0 (0.9) 3.2 (1.0) 3.4 (1.2) 3.6 (1.2) 4.0 (0.9) 3.4 (1.1)
2. SE impaired my performance 1.4 (0.9) 3.7 (0.9) 3.0 (1.1) 3.2 (1.2) 3.4 (1.1) 3.7 (1.1) 3.2 (1.2)
3. The tasks felt difficult. 2.5 (1.2) 3.1 (0.9) 2.8 (1.0) 2.9 (1.0) 2.9 (0.9) 3.1 (1.1) 2.9 (1.1)
4. I had to exert myself to get the tasks done. 2.4 (1.2) 3.1 (1.2) 2.9 (1.2) 3.0 (1.2) 3.1 (1.2) 3.2 (1.2) 2.9 (1.2)

(uses). Ideational originality was measured by determin-
ing the C-score of each use. It is calculated by C =
log2(1/p), where p is the probability of the use among
all subjects in a specified sound condition. For example,
if only one subject of 54 subjects proposes a specific use,
the probability is 0.0185 and the C-score becomes 5.75.
High C-scores indicate greater ideational originality. The
C-scores were added up for each subject in each sound
condition. The normalized C-score of a sound condition
was obtained by dividing the sum of all subjects’ C-scores
by the average C-score over all sound conditions.

The proofreading task was modified from the one used
by Venetjoki et al. [18]. Subjects were advised to mark
as many mistakes in a text as possible in 10 minutes.
Each text was four pages long and had approximately
1150 words. Altogether seven equally complex versions
were used. The texts were drawn from Ahonen et al. [53].
Each text included 60 mistakes of which half were non-
contextual errors and the other half contextual errors. Pre-
vious research suggests that there are differences in how ir-
relevant sound affects the detection of non-contextual and
contextual errors [17, 54]. Non-contextual errors included
different types of misspellings, e.g., character substitutions
and omissions of single letters. All these misspellings pro-
duced non-words. Contextual errors included grammati-
cally incorrect formulations of words and words that did
not fit the context. All these words were legitimate Finnish
words. Thus, their detection required semantic processing
of the text, whereas the non-contextual errors could be

detected by visual search. The main dependent variables
were the total number of correctly found non-contextual
and contextual errors. Reading speed, determined by the
number of lines read, was also analysed.

2.7. Experimental design

The study was a repeated measures design, i.e. all subjects
took part in all seven sound conditions, thus acting as their
own control. Silence and speech conditions were included
as control conditions. There were five masked speech con-
ditions containing a mix of speech and a specially de-
signed speech masking sound, see Table I. The presenta-
tion order of sound conditions was a possible source of
error in this type of design, as the effect of some extrane-
ous factors, such as initial anxiety or fatigue, will be as-
sociated with different stages of the test session. To con-
trol this error, the conditions would typically be counter-
balanced across subjects, i.e. presented in all possible or-
ders with an equal number of subjects in each. This was
not possible in this experiment because of the seven sound
conditions and only 14 test groups. Thus, the sound con-
ditions were presented in a quasi-random fashion with the
constraint that every sound condition was presented twice
as the first and twice as the last one, and approximately
twice in every serial position between the first and the last.
Moreover, care was taken that every masked speech con-
dition occurred twice after the silent condition and twice
after the speech condition. The speech recordings were di-
vided between speech and masked speech conditions so
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that every recording was presented two to three times in
each sound condition.

In each sound condition, subjects performed the serial
recall, the creative thinking and the proofreading task.
The task performance and the subjective perceptions of
the sound conditions were the dependent variables in this
study. The seven matching versions of proofreading and
creative thinking tasks were counterbalanced across sound
conditions so that every version was presented twice in
each sound condition. Half of the subjects performed first
the serial recall task which was followed by the proofread-
ing and the creative thinking task (Group 1), and the other
half performed first the proofreading task which was fol-
lowed by the creative thinking and the serial recall task
(Group 2).

2.8. Procedure

The experiments were conducted in May 2008. Half of
the subjects were tested from 8 a.m. to 12.30 p.m. and
the other half from 1 p.m. to 5.30 p.m. Three to four sub-
jects were tested at the same time in 14 groups. Subjects
were separated by screens and were not allowed to com-
municate with each other. The experimenter was present
in the room during the whole experiment (Figure 1). Be-
fore the experiment started, subjects were informed that
the study was investigating performance in an office-like
environment. Subjects filled in the questionnaire gather-
ing background information. This was followed by a 30-
minute practise session of the tasks in silence. Before the
actual experiment started, subjects were instructed to ig-
nore the sounds and concentrate on the tasks. The ex-
perimenter switched on the masking and speech sounds,
and then said which task the subjects should start. After
the tasks had been completed, the experimenter turned off
the sounds. Each sound condition lasted approximately 25
minutes, and was followed by the questionnaire (5 min)
before the next sound condition began. Ten-minute breaks
were given after the 1st and the 4th sound condition. Sub-
jects were informed in detail about the aim of the study at
the end of the experiment.

2.9. Statistical methods

SPSS 16.0 (SPSS Inc., Chicago, Il, USA) was used for the
statistical analysis. The normality of the data was tested
with the Kolmogorov-Smirnov test. The initial analysis
of the performance data revealed that some of the results
were affected by the presentation order of the tasks, i.e.
whether the task had been performed in the beginning of
the test condition or later on during the session. Thus, the
serial recall task and the creative thinking task were anal-
ysed using a mixed 7 × 2 ANOVA with the sound condi-
tion as a within-subject variable and the presentation order
as a between-groups factor (Groups 1 and 2). The proof-
reading task was analysed using a 7 × 2 × 2 ANOVA
with the seven sound conditions and the two error types as
within subject factors, and the presentation order as a be-
tween groups factor. F-values were tested on homogeneity
of variance with Mauchly’s test of sphericity. A repeated
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Figure 4. Mean error rates (%) and standard errors of means for
performance in serial recall in the seven sound conditions. Group
1 always performed the task in the beginning of each sound
condition whereas Group 2 performed the task as the last task
in each sound condition. The research hypotheses were tested
with Group 2. The conditions with an asterisk (*) are masked
speech conditions in which the sound was presented together
with speech (see Table I).

measures ANOVA was used for the questionnaire items
that were normally distributed and the Friedman’s test for
the variables that were not. Paired comparisons between
sound conditions were performed using t-tests for the vari-
ables that were normally distributed and Wilcoxon signed-
rank test for the variables that were not. An alpha level of
0.05 was used in all analyses. Benjamini-Hochberg pro-
cedure [55, 56] was used for alpha-error adjustments in t-
tests. The estimate of effect size was measured in variance
analysis with partial Eta squared and in the t-tests with
Cohen’s d. The suggestive values of d for small, medium
and large effect sizes are 0.20, 0.50 and 0.80, respectively
[57]. Four subjects’ data could not be recorded in the serial
recall task due to a technical problem. One subject was ex-
cluded from the analyses of the proofreading task because
she had misunderstood the instructions.

3. Results

The main effect of the sound condition on each variable
is first reported. Research questions are then addressed by
paired comparisons: i) silence is compared to speech and
all masked speech conditions to address the first research
question, ii) speech is compared to masked speech con-
ditions to address the second research question, and iii)
masked speech conditions are compared to each other to
address the third research question.

3.1. Performance measures
The analysis of the serial recall task revealed a signifi-
cant main effect of the sound condition for the mean er-
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ror rates (Figure 4, F6,288 = 5.09, p < .001, partial
η2 = .096). However, there was a significant interaction
between the error rates and the presentation order of the
tasks (F6,288 = 2.35, p = .031, partial η2 = .047), indi-
cating that the pattern of performance effects was different
for the participants who had performed the task in the very
beginning of each sound condition (Group 1) and for those
who had performed it at the end of each sound condition
(Group 2). Keeping in mind the practical aim of the study,
the paired comparisons were only conducted for the latter
group (N = 26) as their results can be considered as more
reliable due to the longer exposure time preceding the task.

Compared to silence, the error rates were significantly
increased in speech (t(25) = 2.8, p = .02, one-tailed,
d = .43) and in three masked speech conditions, namely
the conditions with vocal music (t(25) = 3.9, p = .011,
one-tailed, d = .55), ventilation noise (t(25) = 3.5,
p = .011, one-tailed, d = .40) and filtered pink noise
(t(25) = 3.0, p = .018, one-tailed, d = .32). Compared to
speech, a decrease in error rates was only observed when
speech was masked with spring water sound (t(25) = 2.5,
p = .035, one-tailed, d = .51). Paired comparisons of the
five masked speech conditions indicated that spring water
sound as a masking sound improved performance in com-
parison to vocal music (t(25) = 3.3, p = .021, two-tailed,
d = .64) and ventilation noise (t(25) = 2.7, p = .039,
two-tailed, d = .48).
In the creative thinking task, a marginal effect of sound

condition was observed for the subjects’ ideational origi-
nality (F6,306 = 1.93, p = .075, partial η2 = .037, Fig-
ure 5). The effect was not moderated by the presentation
order of tasks as in the serial recall task (p = .70 for inter-
action). Ideational fluency (i.e. number of ideas) did not
differ between the sound conditions (Fr = 5.98, df = 6,
p = .43).
The performance in the proofreading task was not af-

fected by the sound conditions as the analysis showed nei-
ther a main effect for the sound condition (F6,306 = 1.51,
p = .17) nor an interaction between the sound condition
and the detection of different error types (F5,237 = 1.09,
p = .37) (Table III). A separate analysis of the read-
ing speed showed no main effect of the sound condition
(Fr = 6.53, df = 6, p = .37).

3.2. Subjective measures

There was a significant main effect of sound condition
on acoustic satisfaction (F6,318 = 55, p < .001, partial
η2 = .51, Table II, Figure 6). Paired comparisons revealed
that speech (p < .001, one-tailed, d = 2.8) and all the
masked speech conditions (p < .001 for all, one-tailed,
d = 2.0–2.5) were experienced as significantly less satis-
fying than silence, as hypothesized. Acoustic satisfaction
was higher in all masked speech conditions compared to
speech (p = .008 for all, one-tailed, d = 0.35–0.81).
Paired comparisons between masked speech conditions re-
vealed that using spring water sound as a speech masker
resulted in higher acoustic satisfaction than using vocal
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Figure 6. Acoustic satisfaction in the seven sound conditions.
Means and standard errors. The conditions with an asterisk (*)
are masked speech conditions in which the sound was presented
together with speech.

music (t(53) = 3.8, p < .001, two-tailed, d = .46). Acous-
tic satisfaction was also higher in the filtered pink noise
condition than in either musical conditions, namely vocal
music (t(53) = 3.5, p = .002, two-tailed, d = .45) and
instrumental music (t(53) = 2.3, p = .042, two-tailed,
d = .31).
The analysis of subjective workload revealed a signifi-

cant main effect of sound condition (F6,318 = 41, p < .001,
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Table III. Means and standard deviations (in brackets) for total number of errors (max. 60), non-contextual errors (max. 30), and
contextual errors (max. 30) and the number of lines read (max. 140 lines) in the proofreading task in different sound conditions. The
conditions with an asterisk (*) are masked speech conditions in which the sound was presented together with speech.

Sound condition Total Non-contextual errors Contextual errors Lines read

silence 38.6 (9.9) 19.4 (5.2) 19.2 (5.9) 118 (18)
speech 36.9 (10.2) 18.6 (5.0) 18.4 (6.3) 117 (22)
pink* 39.1 (9.5) 20.0 (5.1) 19.2 (6.1) 121 (18)
ventilation* 37.2 (9.6) 18.1 (5.1) 19.3 (5.8) 118 (21)
instrumental* 38.5 (8.9) 19.6 (4.4) 18.9 (5.8) 120 (19)
vocal* 37.9 (9.3) 19.2 (4.8) 18.9 (6.6) 119 (22)
water* 37.6 (9.6) 18.9 (5.3) 18.7 (5.2) 118 (21)

partial η2 = .43), with a similar pattern of results as acous-
tic satisfaction. Ratings of subjective workload were sig-
nificantly lower in silence than in the other sound condi-
tions (p < .001 for all, one-tailed, d = 1.3–2.0). Com-
pared to speech, subjective workload was lower when
speech was masked with filtered pink noise (p < .001,
one-tailed, d = .60), spring water sound (p = .002,
one-tailed, d = .43), ventilation noise (p = .007, one-
tailed, d = .46) and instrumental music (p = .041, one-
tailed, d = .27). It is notable that subjective workload did
not differ between speech and the vocal music condition
(p = .34, one-tailed), implying that even though the con-
dition with vocal music was experienced as more pleasant
than speech, it was not experienced as an easier environ-
ment for performing tasks. Paired comparisons of masked
speech conditions further emphasized the negative expe-
rience of vocal music as it differed significantly from all
other masked speech conditions (p = .015, two-tailed,
d = 0.33–0.65). The use of instrumental music also re-
sulted in higher subjective workload than the use of filtered
pink noise (p = .026, two-tailed, d = .31).
Additional evidence for the harmful effects of the two

music conditions was obtained from the subjective rat-
ings of the different noise sources in each condition (Fig-
ure 7). The subjects were more disturbed by vocal music
as a masking sound than by any of the other four masking
sounds (p < .001). Similarly, instrumental music was ex-
perienced as more disturbing as a masking sound than the
three continuous and temporally almost constant masking
sounds, namely spring water sound, filtered pink noise and
ventilation noise (p < .001). The disturbance caused by
the continuous masking sounds was minor in relation to
the disturbance of simultaneous speech, as would be re-
quired of an optimal masking sound.
No additional information was gained from the analysis

of arousal as it was not significantly affected by different
sound conditions (p = .113). The presentation order of the
tasks had no effect on any of the subjective measures.

4. Discussion
4.1. Main findings

The goals of this study were to show that a reduction of the
intelligibility of irrelevant background speech improves
cognitive performance and subjective comfort and, more
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Figure 7. The subjective disturbance caused by the sounds which
existed in the laboratory room during the sound conditions (1
= not at all, 5 = very much). Means and standard errors. The
conditions with an asterisk (*) are masked speech conditions in
which the sound was presented together with speech.

importantly, to compare five masking sounds to determine
whether the effect of speech intelligibility depends on the
masking sound type. The findings of the study showed
that unmasked and highly intelligible speech had detri-
mental effects on both acoustic comfort and cognitive per-
formance (question 1). When masking sound was used to
decrease speech intelligibility, i.e. the detrimental effects
of speech, a general improvement of acoustic satisfaction
was observed with all masking sounds (research question
2). However, only spring water sound generated a signif-
icant improvement in objectively measured performance
compared to speech (question 2). Of the different mask-
ing sounds, spring water sound had most benefits in terms
of both subjective and objective indicators, whereas vocal
music was as detrimental to performance as speech (ques-
tion 3). The findings are roughly summarized in Table IV.
To address the first two research questions in more de-

tail, the results of the subjective measures strongly sup-
port the hypotheses. Silence resulted in the highest acous-
tic satisfaction and the lowest subjective workload when
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Table IV. A summary of the conclusions regarding research questions Q1–Q3 for the five masked speech conditions. A "+" sign
indicates a statistically significant improvement in comparison to the reference sound condition. A "−" sign indicates a statistically
significant decrement in comparison to the reference sound condition. Empty cells indicate that statistically significant differences were
not found.

water pink ventilation instrumental vocal

Q1: Comparison to silence
Performance in serial recall task − − −
Acoustic satisfaction − − − − −
Subjective workload − − − − −
Q2: Comparison to speech
Performance in serial recall task +
Acoustic satisfaction + + + + +
Subjective workload + + + +

Q3: Comparison between masking sounds
Performance in serial recall task + − −
Acoustic satisfaction + + − −
Subjective workload + + + − −
Disturbance of masking sound itself + + + − −
Overall ranking order 1 2 3 4 5

compared to both unmasked and masked speech (question
1). The observed improvement in subjective measures be-
tween unmasked and masked speech (question 2) is in line
with earlier findings that subjective comfort increases with
decreasing speech intelligibility (e.g. [18, 20, 26, 36]). The
only exception of this relation was vocal music which im-
proved acoustic satisfaction but did not decrease subjec-
tive workload, whereas the other four masking sounds im-
proved both.

The results of the performance tasks were not as clear in
relation to the first two hypotheses as the subjective results.
Only a marginal effect was observed in creative thinking
task, and no effect in proofreading. However, sound condi-
tions had an effect on the serial recall task which is a classi-
cal task for investigating performance effects of speech. A
rise in error rates was observed between silence and speech
conditions, repeating an irrelevant sound effect (question
1). The same effect occurred when speech was masked
with filtered pink noise, ventilation sound and vocal music
but, contrary to expectations, not when spring water sound
and instrumental music were used (question 1). When the
effect of masked speech was examined in the opposite di-
rection, namely in relation to speech condition (question
2), an improvement in performance was only obtained by
masking speech with spring water sound.
The third research question examined differences be-

tween the masking sounds with no specific hypotheses. In
line with the findings above, the serial recall results distin-
guished the spring water sound as a more effective mask-
ing sound than the other four. Similar trend was also ob-
served in the creative thinking task (Figure 5). Whereas
the performance results highlighted the positive effects of
spring water sound, the differences in acoustic satisfaction
and subjective workload emphasized the adverse effects of
vocal music in relation to the other masked speech con-
ditions. Vocal music was rated as disturbing as the back-

ground speech (Figure 7). There was less evidence for the
effects of the remaining three masking sounds. Filtered
pink noise seemed to position close to spring water sound
in terms of subjective perceptions, whereas instrumental
music was associated with contradictory evidence. Ven-
tilation noise was not experienced as disturbing, but there
were no significant indications of its positive effects either.

4.2. Effects of masked speech on performance

Overall, the serial recall results of this study are not com-
patible with either the changing-state hypothesis [28] or
the STI model of Hongisto [13]. The changing-state hy-
pothesis would predict that the performance decrement in
serial recall depends on the variability of the background
sound (see Introduction), whereas the STI model would
predict that it depends on speech intelligibility, as deter-
mined by STI. The variability of the sound environments
was not determined by sophisticated sound quality de-
scriptors, such as fluctuation strength [58], but it is obvi-
ous that spring water sound, ventilation sound and filtered
pink noise were temporally more continuous sounds than
the two musical maskers. Therefore, it is unexpected that
speech masked with spring water sound and instrumental
music did not produce a decline in performance but speech
masked with ventilation sound and filtered pink noise did.
On the other hand, the STI model would predict no differ-
ences between the masked speech conditions because the
STI values were equal (Table I). Thus, the pattern of re-
sults cannot be explained by acoustic variability or speech
intelligibility alone.
One explanation for the different effects of instrumen-

tal and vocal music can be the verbal content of vocal
music. Both music types contained instruments which are
effective speech maskers but vocal music added another
source of verbal material which goes against the underly-
ing aim of speech masking. Two simultaneous voices are
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not enough for creating speech babble that would suffi-
ciently reduce speech intelligibility and the associated dis-
traction [42]. This explanation is also supported by previ-
ous findings that vocal music is more detrimental to cog-
nitive performance than instrumental music when tested
independently without simultaneous speech [19, 24]. Fur-
thermore, the different effects of the two types of mu-
sic may imply that the semantic content of the back-
ground sound contributes to the irrelevant sound effect.
This would contradict the currently dominant view in the
changing-state paradigm (e.g. [28]).

Why did the spring water sound outperform the other
masking sounds in the serial recall task? The subjective
perceptions do not provide additional information. One ex-
planation may be the measurement method of the STI (Ta-
ble I). The method assumes a constant background noise.
Therefore, the speech-to-noise was determined from the
equivalent levels of speech and masking sounds. That is,
the temporal variations of masking were ignored. This
was also expected in the STI model of Hongisto [13].
The spring water sound contained rapid level modulations
which may coincide with the fastest level modulations of
speech at 8–15Hz. It may be that a more advanced method
for determining the STI, which would consider the modu-
lations of background noise with respect to speech, would
have resulted in a lower STI value than the static STI
method did. In other words, the condition with spring wa-
ter as a masking sound may have resulted in lower subjec-
tive speech intelligibility than those with more continuous
masking sounds, e.g., filtered pink noise and ventilation
noise. In the future, more emphasis should be placed on
the analysis of temporal characteristics of masking sound
instead of only measuring the equivalent sound pressure
levels. It is expected that if the modulations of masking
sound coincide profitably with the modulations of speech,
the masking efficiency may increase significantly com-
pared to a masking sound which has no modulations but
equal sound pressure level and spectrum. We suggest that
the STI model of Hongisto [13] is most valid for masking
sounds that are temporally constant, such as pink noise or
ventilation noise.
An alternative, or additional, explanation for the effec-

tiveness of the spring water sound might be drawn from
the largely documented psychological benefits of natural
environments to which this sound obviously belongs. Nat-
ural environments have been shown to have restorative ef-
fects on cognitive performance (e.g. [59, 60]) and phys-
iological stress recovery (e.g. [61]). To our knowledge,
the role of the auditory component in a restorative pro-
cess has only been tested in one very recent experimental
study [62]. Restoration refers to the recovery from an emo-
tionally or cognitively demanding situation, but if auditory
experiences were to play a role in restoration, it seems pos-
sible that certain auditory stimuli might also protect the
cognitive resources during cognitively demanding situa-
tions. Currently, this aspect of speech masking sounds has
not been addressed in the literature at all.
Proofreading performance was also measured but it was

not affected by the sound condition. Similar results have

recently been reported by Haka et al. [20] and Smith-
Jackson and Klein [63]. On the other hand, effects of
highly intelligible speech on proofreading have also been
reported [18, 28]. The effect of background speech on
semantically-oriented tasks, such as proofreading or read-
ing comprehension, seems to be generally smaller than the
irrelevant sound effect observed in serial recall [13, 28].
The lack of significant findings could therefore be ex-
plained by the narrow range of STI values used in this
study (STI 0.00–0.62) and a slightly shorter, and less sen-
sitive, task format than the one used by Jones et al. [28].
The observation that people seem to be able to resist the
distracting effects of speech better in the proofreading task
than in serial recall may be explained by the differences in
the cognitive demands. The serial recall task assesses the
short-term memory store which has very limited capac-
ity and is known to be susceptible to acoustic distraction.
However, the effect of speech on proofreading may not be
mediated by short-term memory [28]. Proofreading is a
complex task which requires a wider range of cognitive
skills, such as visual word recognition, working memory
and semantic processing. Due to the higher complexity,
proofreading task may also allow more room for compen-
sating for the distraction by switching between different
performance strategies.

4.3. Music as speech masker for office work

The only contradictory evidence in the present study in-
volved the use of instrumental music (Table IV). The ab-
sence of an irrelevant sound effect in serial recall when
speech was masked with instrumental music gives some
support for its use as a masking sound. In terms of acous-
tic satisfaction and subjective workload, instrumental mu-
sic seemed to work as a speech masker but its effects on
these subjective indicators were significantly smaller than
those obtained by using filtered pink noise. Also, instru-
mental music was rated significantly more disturbing as a
masking sound than filtered pink noise, ventilation noise
and spring water sound (Figure 7). The applicability of
instrumental music to open-plan offices should be viewed
with some reservations, even though it did not have as dis-
turbing effect on performance as vocal music did.

But why do some workers voluntarily listen to music
even though it has such negative effects? The uncontrolla-
bility of sound is in general associated with the negative
experience of noise [64]. Thus, choosing to listen to mu-
sic could be explained by the associated increase in the
experienced control over the acoustic environment. The
present results also imply that individual differences play
a role in whether music is liked or disliked as a mask-
ing sound, as the two music conditions tended to result
in the largest standard deviations in the individual items
in acoustic satisfaction (Table II). A recent experimental
study has shown that the effect of music on performance
differs between introverts and extroverts, and the latter also
report a strong likelihood of studying with background
music [65]. A field study by Nemecek [39] has found that
the disturbance of background music increases with in-
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creasing cognitive or mental demands of the job. Taking
the large variations between individuals and different work
tasks into account, masking sound technologies that utilize
music, especially vocal music, may not be appropriate for
open-plan offices in general.

4.4. Subjective vs. objective measures

Why were the differences hypothesized in research ques-
tions 1–3 more strongly observed in the subjective mea-
sures than in the objectively measured performance? The
finding that subjective comfort is more sensitive to dif-
ferences between acoustic environments than performance
measures has also been observed in previous studies (e.g.
[18, 20, 26]. One explanation for this is offered by the en-
hanced effort hypothesis [26]. The subjective awareness of
disturbance is assumed to lead individuals to invest more
effort in the task to compensate for the anticipated per-
formance loss. Such efforts could moderate the effect of
environmental distraction on objectively measured perfor-
mance. In the current study, such compensatory efforts
should be reflected in the variable of subjective workload,
reflecting the psychological and emotional costs of trying
to maintain performance in the presence of auditory in-
terference. In the working life, such a performance-cost
trade-off would very likely have implications for the over-
all work performance of an individual. In other words, the
decrease in subjective workload in masked speech condi-
tions compared to unmasked speech may anticipate perfor-
mance improvement in similar conditions over time even
though this study observed only a modest improvement.
Of the different subjective measures, arousal was the

only one not affected by sound conditions. It was included
in the study to gain supplementary information on the po-
tential harmful effects of masking sounds as noise-related
increases in arousal may impair performance on complex
tasks [37]. The lack of differences in self-reported arousal
implies that the level range used in this study (37–48 dB,
Table I) does not lead to changes in arousal. Another possi-
bility is that the subjective measurement was too rough for
capturing relevant changes in arousal. Physiological mea-
sures of stress response could be useful in detecting both
beneficial and harmful effects of different sounds in fu-
ture experiments. However, physiological measures may
be more ambiguous and less sensitive than questionnaire
measures in this area of research [62], and should there-
fore only be used for complementary information.

4.5. Methodological issues

The present findings have some methodological implica-
tions for research on masking sounds and speech sounds
in general. First of all, the unexpected interaction between
serial recall performance and the task order shows that the
exposure time to the sound environment needs to be con-
sidered, particularly when using more variable sounds. As
Figure 4 shows, the pattern of serial recall performance
differed between those participants that had a 15-to-20-
minutes exposure to the sound condition before the task

and those that did not. We interpret this finding as a ha-
bituation effect that concerns particularly the spring wa-
ter sound and, to some extent, instrumental music. That is,
these sounds were initially distracting but were quickly ac-
customed to. Thus, including habituation periods to exper-
iments and conducting longer test sessions would increase
the reliability of the conclusions on sound effects.

The limitations of this experiment concern the typi-
cal restrictions in generalizing findings from laboratory
environments to real work environments. The cognitive
demands of real office work can vary a lot, and there
are many other factors that may moderate the effects of
the physical work environment. Different masking sounds
should also be investigated in office environments where
the technical implementation is carefully made, see e.g.,
Hongisto [46].
In addition, the seven acoustic conditions and several

research questions made the research design complex, par-
ticularly as the effect of task order had to be incorporated
into the analysis. These factors may have weakened the
power of the study to reveal expected differences.

4.6. Practical considerations

Speech privacy should be high in open-plan offices where
individual work with high concentration demands or pri-
vate conversations are emphasized. In principle, such jobs
belong to private office rooms but because open-plan of-
fices are favored in most organizations, careful speech pri-
vacy design is necessary for compensating the absence of
full-height partition walls. In such open-plan offices, all
room acoustic measures moderating the level of speech
should be considered simultaneously, i.e. high absorption
in room boundaries (ceiling, walls, floor, furniture, hang-
ing absorbers), high screens and high degree of enclosure
around the workstation. In addition, a speech masking sys-
tem is strongly recommended.
Carefully designed speech masking can reduce the neg-

ative effects of irrelevant speech on cognitive work per-
formance and acoustic satisfaction. Vocal or instrumental
music are not recommended to be used as a speech mask-
ing sound. The most common masking sounds, filtered
pink noise and ventilation, are acceptable and also very
practical alternatives. More advanced alternatives could
be wide-band natural sounds, like the spring water sound,
which was the most beneficial masking sound in this ex-
periment.
The speech masking system should be individually de-

signed for each workplace. It should be considered only
when the initial level of A-weighted background noise
level in the occupied room is far below 40 dB. There are
many alternative ways to install the masking loudspeakers.
The most appropriate technical solution depends on, e.g.,
the acoustical properties, furniture, height and the geome-
try of the room. The A-weighted level of masking sound
should not exceed 45 dB to enable normal conversations
but not below 40 dB in order to achieve effective speech
masking.
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