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Broadband noise is often used as a masking sound to combat the negative consequences of

background speech on performance in open-plan offices. As office workers generally dislike

broadband noise, it is important to find alternatives that are more appreciated while being at

least not less effective. The purpose of experiment 1 was to compare broadband noise with two

alternatives—multiple voices and water waves—in the context of a serial short-term memory task.

A single voice impaired memory in comparison with silence, but when the single voice was masked

with multiple voices, performance was on level with silence. Experiment 2 explored the benefits of

multiple-voice masking in more detail (by comparing one voice, three voices, five voices, and

seven voices) in the context of word processed writing (arguably a more office-relevant task).

Performance (i.e., writing fluency) increased linearly from worst performance in the one-voice

condition to best performance in the seven-voice condition. Psychological mechanisms underpinning

these effects are discussed. VC 2015 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1121/1.4926904]

[JFC] Pages: 807–816

I. INTRODUCTION

The negative effects of open-plan office noise (Jahncke

et al., 2011), and especially of background speech (Marsh and

Jones, 2010), on cognitive performance are well documented.

For example, background speech tends to impair tasks like

proofreading (Halin et al., 2013), reading comprehension

(Halin et al., 2014; S€orqvist et al., 2010; Perham and Currie,

2014), and writing (Keus van de Poll et al., 2014; S€orqvist

et al., 2012) that are presumably representative of the type of

task typically undertaken in office environments. Many com-

panies have introduced masking sound in the working

environment to combat the potential negative impact of back-

ground speech on such cognitive tasks. Typically, the mask-

ing sounds used within the office setting are continuous

broadband noises (or so-called aperiodic sounds that have no

clear cycle of repetition and thus lack a clear tonal quality)a)Electronic mail: patrik.sorqvist@hig.se
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such as pink noise, but they are not generally appreciated by

the office workers (Haapakangas et al., 2011; Schlittmeier

and Hellbr€uck, 2009). The purpose of the present study was

to explore the effectiveness of alternatives to pink noise as

masking sound to identify more appropriate maskers for per-

formance protection against disruption by background speech.

In experiment 1, the aim was to explore the effects of several

alternative maskers, like multiple voices or water waves, in

the context of an often-used memory task, namely, verbal

serial recall, since this task has been used in other applied

studies on the detrimental impact of background speech

and the potential of adding masking sound to reduce it (e.g.,

Haapakangas et al., 2011; Schlittmeier and Hellbr€uck, 2009).

Experiment 2 delineates the potential benefits of the “winner”

in experiment 1—multiple-voice masking—in the context of

a more applied task.

A. Why sound disrupts cognitive performance

A changing sound sequence, such as “f m k l c v,” is

more disruptive than a steady-state sound sequence like “f f f

f f f,” at least when the task is to recall a sequence of to-be-

remembered items in their order of presentation (serial short-

term memory). This well-established finding is called the

changing-state effect (Jones and Macken, 1993). Several

applied implications arise from the fact that more acousti-

cally variable sound is more disruptive than less acoustically

variable sound. For example, longer reverberation times are

associated with smaller disruption (Beaman and Holt, 2007),

although not necessarily within realistic reverberation time

intervals (Perham et al., 2007). And background music with

less acoustic variation is also less disruptive than music with

more acoustic variation (Perham and Sykora, 2012;

Schlittmeier et al., 2008). The changing-state effect is the

key empirical signature of the irrelevant sound effect:

Disruption of serial short-term memory by background

sound. According to the interference-by-process view (Jones

and Tremblay, 2000), the obligatory, automatic encoding on

the order of changing successive items as part of the

auditory-streaming, or segmentation, process (Bregman and

Rudnicky, 1975), interferes with the deliberate serial order-

ing process required to rehearse the visually presented items

in sequence, thereby disrupting serial recall and giving rise

to the irrelevant sound effect. Hence, the factor that makes

sound disruptive is its acoustic change.

The way that sound impairs cognitive performance is,

however, jointly determined by the properties of the sound

and the characteristics of the task (Jones and Tremblay,

2000; Marsh et al., 2009). In the context of reading compre-

hension (Martin et al., 1988), analytical reasoning (Perham

et al., 2005), and writing (S€orqvist et al., 2012), it is not the

psycho-acoustical characteristics, but the semantic character-

istics of the sound that underpin disruption. This interfer-

ence-by-process view can also explain the disruptive effect

of meaningful background speech on language-based tasks

such as writing (Marsh and Jones, 2010). On this view, the

involuntary semantic analysis of background speech disrupts

performance by interfering with the execution of the deliber-

ate semantic processes that are carried out to fulfil the task

requirements (Jones et al., 2012; Marsh et al., 2008; Marsh

et al., 2009; S€orqvist et al., 2010; Perham and Currie, 2014).

In view of the difference between serial-memory tasks and

language-based tasks, a serial short-term memory task was

deployed in experiment 1 and a word processed writing task

was deployed in experiment 2 of the present study.

B. What happens when the potentially disruptive
sound is masked by additional sound?

The acoustic signal of a single voice comprises peaks

and troughs (acoustic changes) that can act as the basis of

automatic order encoding via segmentation. The addition of

continuous noise masks the abrupt pitch and loudness

changes in the speech signal. The compound signal (voice

and noise) therefore contains fewer cues to segmentation

than the single voice signal. One way in which additionally

played-back acoustic maskers in office-environments can

protect performance is, hence, by reducing the variability of

the acoustic signal that reaches the ear—by which the

changing-state effect should be attenuated. The reduction of

the acoustic variability of the sound stream also reduces

speech intelligibility. Another way acoustic maskers can pro-

tect performance is, hence, by making it more difficult for

the cognitive system to extract meaning from the speech

signal—by which disruption that emanates from semantic

interference is reduced. Consonant with this, reducing the

intelligibility of background speech by superimposing it

with a partial masker has been shown to reduce its detrimen-

tal effects (e.g., Keus van de Poll et al., 2014).

The speech signal’s intelligibility can be quantified in

terms of Speech Transmission Index (STI) that varies

between 1.00 (perfect intelligibility) to 0.00 (no intelligibil-

ity at all). The intelligibility of undesired background speech

is also sometimes referred to as “acoustic privacy,” quanti-

fied as “1 minus STI-value,” to emphasize the fact that high

privacy values are desirable. In turn, higher STI values are

desirable in the context of communication but undesirable in

the context of disruption from task-irrelevant background

speech. A number of studies have demonstrated that lower

STI (or higher privacy) values for task-irrelevant background

speech is associated with greater performance (e.g.,

Ellermeier and Hellbr€uck, 1998; Haapakangas et al., 2011;

Schlittmeier and Hellbr€uck, 2009). This holds true in visual-

verbal serial recall (Ellermeier and Hellbr€uck, 1998; Ebissou

et al., 2013; Schlittmeier and Hellbr€uck, 2009; Haapakangas

et al., 2011) as well as in tasks that require processing of

meaning and lexical-based retrieval (Haka et al., 2009;

Jahncke et al., 2013; Keus van de Poll et al., 2014; Loewen

and Suedfeld, 1992; Venetjoki et al., 2006). Yet, as men-

tioned above, the reason why background speech is less

detrimental when its intelligibility is reduced differs,

depending on the task at hand.

Despite the use of aperiodic noise as additionally

played-back masking sound, subjective ratings typically

indicate low acceptance ratings for continuous noise as a

mask (e.g., Schlittmeier and Hellbr€uck, 2009). In this

respect, Haapakangas and co-authors expected enhanced

acceptance for less artificial maskers and tested the sound of

808 J. Acoust. Soc. Am. 138 (2), August 2015 Keus van de Poll et al.
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spring water, instrumental and vocal music as masking

sounds (Haapakangas et al., 2011). Superimposing back-

ground speech by continuous spring water sound signifi-

cantly reduced its detrimental impact on serial recall

performance. Indeed, performance with the spring water

masking sound did not differ significantly from performance

in quiet. However, this was only the case for a subgroup of

participants and, furthermore, subjective ratings on acoustic

satisfaction were still significantly reduced for spring water

sounds compared to quiet. Such a discrepancy between per-

formance data and subjective evaluations of masking sounds

have also been reported in other studies (e.g., Jiang et al.,
2011; Park et al., 2013; Schlittmeier and Hellbr€uck, 2009;

Schlittmeier et al., 2008). These findings underscore the

necessity to consider both performance data and subjective

ratings when evaluating the effectiveness and appropriate-

ness of a certain sound as a masker in work environments.

Aside from continuous signals like pink noise, discon-

tinuous signals like voices can also function as a speech

masker. The effectiveness of this, perhaps less obvious way

of masking single voice speech, has been demonstrated a

number of times (Ebissou et al., 2013; Hellbr€uck and

Kilcher, 1993; Jones and Macken, 1995; Kittel et al., 2013).

For example, Jones and Macken (1995) compared the dis-

ruptive effects produced on serial recall of irrelevant sound

comprising a single voice with that comprising several

simultaneously presented speakers. The disruptive impact

was significantly smaller for five or more speakers compared

to one single speaker regardless of whether the sound was

presented in a language the participant comprehended (see

also Hellbr€uck and Kilcher, 1993; Kittel et al., 2013). This

“babble effect” was attributed to the fact that adding voices

reduces the degree of perceptible change between successive

sounds within the auditory stream, thereby reducing the cues

to segmentation and weakening the foundation on which

changing state can be brought about.

C. The present study

In view of these considerations, experiment 1 was set up

to test the effects of different partial maskers, from natural

sounds like water waves to discontinuous speech babble of

multiple background talkers, for protecting cognitive per-

formance against the detrimental impact of a single speaker.

Here, performance in the often used verbal short-term mem-

ory task is supplemented by subjective ratings. The “winning

masker” regarding both performance and subjective meas-

ures was then selected and explored in more detail within the

context of a more applied task in experiment 2, namely,

word processed writing.

II. EXPERIMENT 1

The purpose of experiment 1 was to compare perform-

ance in five conditions: a single voice condition, three mask-

ing conditions (i.e., the single voice masked either by

multiple voices, water waves, or pink noise) and a silent con-

trol condition. Serial recall was selected as the performance

measure and acoustical satisfaction was evaluated by way of

a questionnaire. The reason why water waves were selected

as a masker was because the office, wherein the experiment

was carried out, was situated near water. The participants

may therefore regard water waves as a naturally occurring

and less artificial sound in the environment, like the spring

water used by Haapakangas et al. (2011).

A. Methods

1. Participants

Twenty employees at Norconsult AB [mean age ¼ 34

years, standard deviation (SD)¼ 9.19] participated in experi-

ment 1. They were recruited by an email invitation sent to

all the employees at Norconsult’s office in Stockholm,

Sweden. Before the experiment proper, participants were

asked to report background information such as age, gender,

and eventual hearing loss. All participants reported good

hearing except for three people who reported a slight hearing

impairment. However, the data from these participants did

not differ systematically from the rest, and were therefore

included in the analyses.

2. Materials

a. Background speech and masking sound. Hagerman

sentences (Hagerman, 1982) were used as background

speech to simulate a colleague talking in an open plan office.

The speech consists of binaural recordings of sentences read

by a male actor in Swedish, recorded in an anechoic environ-

ment. Each sentence contains four words (names, verbs, etc.)

and lasts about 3 s. The entire audio track with the sentences

was approximately 5 min with one second pause between

each sentence.

Pink noise was created and equalized in the software

Audacity to have a 5 dB drop per octave as recommended by

Haapakangas et al. (2011). The water waves-sound, was

designed in the software Cubase Elements 7 and was a mix

of two different recordings. The first recording was the

sound of ocean waves crushing against land which gave the

sound a dynamic. The second recording added a constant

and static background sound from ocean wind. The multiple

voices sound was based on a recording of nine people talking

simultaneously. The recording was multiplied five times to

get a more diffuse sound without any distinguishable words

or voices. The sounds were saved in WAV format (44.1 kHz,

16 bits). The three masking sounds were calibrated to be

played with a sound pressure level of 45 dBA in the two test

workstations while the background single voice speech was

played at 42 dBA. During the experiment the single voice

was masked by the masking sounds, with a total sound pres-

sure level of 47 dBA. Table I summarizes acoustic character-

istics of the experimental conditions. Speech Transmission

Index (STI) was measured using the indirect method from

measured impulse response and derived signal-to-noise

ratio (SNR) according to ISO 3382-3:2012 (ISO, 2012) and

IEC 60268-16 (IEC, 2011). The octave sound pressure levels

for the speech signal were computed by means of the real

speech level (IEC, 2011). The speech signal was divided in

18 ms segments of which segments where the A-weighted

power exceeding the A-weighted root mean square (rms)

J. Acoust. Soc. Am. 138 (2), August 2015 Keus van de Poll et al. 809
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level minus 14 dB were averaged. For the maskers the equiv-

alent octave levels were computed. The effects on speech

intelligibility with modulation masking are outside the scope

of STI. To consider masker modulation a short-time SNR

was computed as the mean of octave SNRs for the 18 ms

time segments. Because STI describes intelligibility within 0

and 1 as a linear relation between the apparent SNR within

�15 and 15 dB, the 18 ms segments SNR were minimized

to 15 dB and maximized to �15 dB, respectively. Acoustic

privacy was calculated as “1 � STI” and resulted in the

following values: single voice 0.31, pink noise as a masker

0.54, water waves as a masker 0.62 and multiple voices as a

masker 0.62.

b. Serial recall task. The serial short-term memory task

comprised the immediate recall of sequences of visually

presented digits. The digits were presented on a computer

screen, in black against a white background with a black

frame. Every sequence comprised eight digits randomly

selected from the set 1–9 without repetition. Each digit was

visible for 500 ms, and the inter-stimulus interval, between

the offset of the previous digit until the onset of the next

digit, was 300 ms. Half a second after the offset of the last

digit in the sequence, the participants were required to repro-

duce the most recent sequence of digits. They were told to

reproduce the digits in the same order as they were pre-

sented. Recall was self-paced and undertaken by pressing

the corresponding keys on the computer keyboard. When the

participants had finished recalling a sequence, they pressed a

button to allow for the next sequence to be presented. There

were a total of 9 to-be-recalled sequences in each sound con-

dition, summarizing to a total of 45 sequences and there was

a brief break between the sound conditions.

c. Questionnaire for subjective ratings of sound. For

every sound condition, after the serial recall task was com-

pleted, participants were requested to complete a question-

naire with 14 questions/statements (Haapakangas et al., 2011;

Haka et al., 2009). The participants used a five-point Likert

scale to indicate how much they agreed or disagreed to the

given statement. The variable “acoustic satisfaction” was

created from 11 statements (“the sound environment was

pleasant,” “the sound environment was disturbing,” “the

sound environment was acceptable,” “the sound environment

was loud,” “overall, I was satisfied with the sound environ-

ment,” “habituation to the sound environment was easy,”

“surprising changes occurred in the sound environment,” “the

sound environment often caught my attention,” “I could work

uninterrupted during the test,” and “I could work effectively

during the test”) and the variable “subjective workload” was

created from three statements (“the sound environment

impeded my ability to concentrate,” “the sound environment

impaired my performance,” and “the task felt difficult”) by

calculating the average scores.

3. Design and procedure

A within-participants design was used. There were five

sound conditions: silence, single voice, single voice masked

by pink noise, single voice masked by water waves, and sin-

gle voice masked by multiple voices. The participants first

undertook the serial recall task in the five sound conditions

(with a brief pause between conditions) and, second,

responded to the questionnaire for subjective ratings of the

sound. Each experimental session lasted about 30 min and

the order of the five conditions was counterbalanced by a

Latin Square design between the sessions. The experiment

took place in an open-plan office measured 10� 5 m with a

ceiling height of 5 m. The room had a wooden floor, concrete

walls and 16 absorbing panels hanging about 1 m from the

ceiling covered with Tr€aullit-absorbents, a cement-bonded

wood wool material. Ten workstations were located in the

room; four of them were used in the experiment. Two of

these four places were used for the participants. Two partici-

pants were tested at the same time. The single voice speech

was played in a Genelec 1029A loudspeaker placed 1.2 m

above the floor between the two workstations on opposite

side of a 1.4 m high partition screen. The masking sounds

were played in two SMS-STR loudspeakers faced upward

hanging in the ceiling above the used workstations. The

reverberation times in the room were measured to 0.87, 0.65,

0.45, 0.38, 0.40, and 0.38 s in the octave bands 125, 250,

500, 1000, 2000, and 4000 Hz, respectively.

B. Results

1. Serial recall performance

The serial recall task was scored using a strict serial

recall criterion: One point was assigned to each item that

was recalled in the accurate list position, no other responses

received points. As can be seen in Fig. 1, recall performance

was worst in the single voice condition and best in the silent

and multiple-voice masking conditions. This was confirmed

by a repeated measures analysis of variance across the five

conditions, F(4, 76)¼ 4.71, p¼ 0.002, gp
2¼ 0.20. Most

importantly, recall was poorer in the “single voice” condi-

tion in comparison with the “silent” condition, t(19)¼ 3.18,

p¼ 0.005, and in comparison with the “single voice plus

multiple voices” condition, t(19)¼ 3.21, p¼ 0.005. There

TABLE I. Speech transmission index (STI), STI based on short-time SNRs

(sSTI), and mean sound pressure level (SPL) for the experimental conditions

in experiments 1 and 2 respectively.

Acoustic

measure Condition

Experiment 1 Single

voice

Single voiceþ
pink noise

Single voice þ
water waves

Single voice þ
multiple voices

STI 0.69 0.46 0.38 0.38

sSTI 0.64 0.45 0.39 0.40

SPL (dBA) 42 47 47 47

Experiment 2 1 voice 3 voices 5 voices 7 voices

STIa — 0.47 0.39 0.34

sSTI — 0.73 0.61 0.49

SPL (dBA) 63.0 67.4 69.6 71.1

aThe STI values were computed for each voice with the other concurrent

voices as noise. The reported values refer to the maximum voice-specific

STI value for each condition.
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was no difference between the “silent” and “the single voice

plus multiple voices” condition, t(19)¼ 0.03, p¼ 0.978. This

indicates that the multiple-voice masker restores error rates

to baseline level. Pink noise did not bring back error rates to

baseline, as performance was better in the “silent” condition

in comparison with the “single voice plus pink noise” condi-

tion, t(19)¼ 3.09, p¼ 0.006. Performance in the “single

voice plus water waves” condition was, however, not statisti-

cally different from performance in the “silent” condition,

t(19)¼ 1.36, p¼ 0.204, nor from the “single voice plus mul-

tiple voices” condition, t(19)¼ 1.26, p¼ 0.222. Water waves

and multiple voices appeared to be best in reducing the detri-

mental effects of the single voice.

2. Subjective ratings

As can be seen in Fig. 2, acoustic satisfaction was high-

est in the “silent” condition and lowest in the “single voice”

condition, while there was no difference between the three

masking conditions. A repeated measures analysis of var-

iance with acoustic satisfaction as the dependent variable

revealed a significant effect of condition, F(4,76)¼ 17.16,

p< 0.001, gp
2¼ 0.47. Acoustic satisfaction was better in

silence compared to any of the other sound conditions,

“single voice,” t(19)¼ 8.82, p< 0.001, “single voice plus

pink noise,” t(19)¼ 5.30, p< 0.001, “single voice plus water

waves,” t(19)¼ 4.43, p< 0.001, and “single voice plus mul-

tiple voices,” t(19)¼ 4.45, p< 0.001. More importantly,

acoustic satisfaction was worse in the “single voice” condi-

tion compared to “single voice plus water waves” condition,

t(19)¼ 3.06, p¼ 0.006, and the “single voice plus multiple

voices,” t(19)¼ 2.19, p¼ 0.041. No differences were found

between the “single voice” condition and the “single voice

plus pink noise” condition, t(19)¼ 1.47, p¼ 0.159, or

between the “single voice plus multiple voices” condition

and the “single voice plus water waves” condition,

t(19)¼ 0.75, p¼ 0.464. Subjective workload was also lowest

in the silent condition and highest in the “single voice” con-

dition (Fig. 2). A repeated measures analysis of variance

with subjective workload as dependent variable found an

effect of sound condition, F(4,76)¼ 16.23, p< 0.001,

gp
2¼ 0.46. Subjective workload was higher in the “single

voice” condition as compared with both the “single voice

plus water waves” condition, t(19)¼ 3.11, p¼ 0.006, and the

“single voice plus multiple voices” condition, t(19)¼ 4.56,

p< 0.001. Subjective workload was also higher in the

“single voice plus pink noise” condition in comparison

with the “single voice plus multiple voices” condition,

t(19)¼ 2.92, p¼ 0.009. No other comparisons were signifi-

cant. Overall, then, multiple voices and water waves were

perceived as more pleasant maskers than pink noise.

C. Discussion

The results show that serial recall performance was best

in silence and in the “single voice plus multiple voices” con-

dition and worst in the “single voice” condition. While water

waves also turned out to be a potent masker, in reducing

error rates on the serial recall task, multiple voices removed

the disruptive impact of irrelevant sound on serial recall

performance entirely. Other studies using a comparably low

number of voices as the masking sound have merely attenu-

ated the effect of irrelevant sound on serial recall, not

removed the effect entirely (Jones and Macken, 1995). As

shown here, the effect is removed with a large enough num-

ber of voices, possibly because the cues to segmentation

(such as abrupt changes in pitch and amplitude) within the

auditory stream are eliminated.

In terms of subjective ratings, highest acoustic satisfac-

tion and lowest workload were experienced in silence

whereas the lowest acoustic satisfaction and highest work-

load were experienced in the single voice condition. A com-

parison of the three masking conditions showed that the

acoustic environment was most satisfying when the single

FIG. 1. Mean serial recall scores (percentage correct) across five sound condi-

tions in experiment 1: single voice, single voice plus pink noise, single voice

plus water waves, single voice plus multiple voices, and silence. Error bars

represent standard error of means.

FIG. 2. Mean acoustic satisfaction (panel A) and mean subjective workload

(panel B) as estimated on a scale ranging from 1 to 5, in the five sound con-

ditions in experiment 1. Error bars represent standard error of means.
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voice was masked by water waves or by multiple voices and

the lowest workload was experienced in the multiple-voice

masking condition. Taken together, multiple voices seem to

be the best type of masker, when both performance and sub-

jective ratings are taken into consideration.

III. EXPERIMENT 2

While experiment 1 showed that multiple voices are a

particularly potent masker, in terms of protecting perform-

ance, experiment 2 explored the characteristics of this type of

masker in more detail and within the context of word proc-

essed writing instead of the short-term memory task of

experiment 1. Four sound conditions were compared in

experiment 2: one voice, three voices, five voices, and seven

voices. In previous experiments on multiple-voice masking,

the sound pressure level has been held constant between con-

ditions (Jones and Macken, 1995). While this approach has

its advantage by making it impossible to attribute any effect

to differences in sound pressure level, the approach lowers

the ecological validity of the experiment as sound pressure

level increases when the number of voices in the acoustic

environment increases. To obtain a more ecologically valid

approach, sound pressure level was higher in conditions with

more voices in experiment 2. If sound pressure level is the

main factor determining disruption, writing performance

should be lowest in the “seven voices” condition and highest

in the “one voice” condition. Conversely, if the intelligibility

of the background speech is the main factor determining dis-

ruption, lowest performance should be found in the “one

voice” condition and highest in the “seven voices” condition.

A. Methods

1. Participants

A total of 54 students (mean age¼ 24.75 years,

SD¼ 4.34) at the University of G€avle participated in the

study. All participants had completed Swedish compulsory

school and high school and all participants had normal or

corrected to normal vision. All participants reported normal

hearing. The participants received a cinema ticket for their

participation.

2. Materials

a. Background speech and multiple-voice maskers. The

background speech consisted of audio samples from seven

female audiobook narrators and was constructed as follows.

Short samples (30–60 s) from monophonic nonfiction audio-

books (MP3 48 kbps CBR 22.1 kHz 32-bit) were converted

to WAV format (22.1 kHz 32-bit) and normalized in terms

of A-weighted level. The level was computed considering

only the active parts of the speech signals (real speech level,

IEC 60268-16). The audio samples were, for each narrator,

merged into 5-min-long speech signals. Four multiple-voice

masker conditions (one voice, three voices, five voices, and

seven voices) were composed: “1 voice” condition (i.e.,

voice 11), “3 voice” condition (voice 12 þ voice 21 þ voice

31), “5 voice” condition (voice 13 þ voice 22 þ voice 32

þ voice 41 þ voice 51), and “7 voice” condition (voice 14

þ voice 23 þ voice 33 þ voice 42 þ voice 52 þ voice 61

þ voice 71). The subscript denotes the 1–4 different speech

signals created per voice. Because the level was normalized

between voices, the sound pressure level increased as a func-

tion of voices (i.e., highest sound pressure level in the “7

voice” condition and lowest in the “1 voice” condition). The

acoustic characteristics of the conditions are described in

Table I. The STI values were computed based on octave

SNRs for each voice with the other concurrent voices as

noise. Due to the sample rate of 22.1 kHz the 8 kHz octave

was implemented as a high-pass filter. As in experiment 1,

short-time SNRs were also derived from 18 ms segments.

Jorgensen et al. (2013) have developed an envelope-power

based model for speech intelligibility (SNRenv) that corre-

lates to speech reception threshold measurements for modu-

lating maskers, e.g., concurrent speech. The SNRenv for the

different conditions are presented in Fig. 3. The overall

SNRenv, rms over the modulation filters 1–64 Hz (second

order bandpass filters with octave spacing) and peripheral fil-

ters 62.5–6.3 k Hz (gammatone filters with equivalent rectan-

gular bandwidths), were 21.4 dB for three voices, 8.9 dB for

five voices, and 6.7 dB for seven voices. The values refer to

the maximum voice-specific SNRenv value. As it is well

documented that writing performance is best in silence com-

pared to noise conditions (e.g., Ransdell et al., 2002;

S€orqvist et al., 2012), no silent condition was included in the

current experiment to avoid introducing unnecessary error

variance.

b. Writing task. The writing task was the same as in

Keus van de Poll et al. (2014). Participants were asked to

write four stories in response to a prompt word that was pre-

sented on a computer screen. They were asked to write as

much as they could, but to emphasize both speed and accu-

racy. The prompt words had the names of different nature

scenes (for example, mountains and field). The prompt

words were presented in the same sequential order to all par-

ticipants. The onset and offset of the prompt words and the

sounds were synchronized. The time limit was set to 5 min

for each story. After 5 min, a voice instructed the participant

to stop writing, and move on to the next condition. The com-

puter software program SCRIPTLOG (version 1.8.19, January

2005) was used to obtain data. This program registers all

keyboard activity and is developed for real-time analyses of

the writing process. The dependent measure used in the anal-

yses was writing fluency (i.e., the total number of characters

in the final edited text plus the total number of deleted

characters).

3. Design and procedure

A within-subjects design was used. Each participant sat

in front of a stationary computer in a sound isolated room.

They wore headphones during the whole experiment. The

writing task was introduced by a practice phase of 30 s so the

participants would get acquainted with the task and the

procedure. The prompt-word “city” was presented in the

practice phase. The practice phase was followed by the four

sound (number of voices) conditions. The order of the four
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conditions was counterbalanced across participants. The

participants were told to ignore any sounds presented over

headphones. The experiment took about 30 min to complete.

B. Results

Writing fluency increased as a function of number of

voices in the background, with the highest performance in

the condition with most voices and lowest performance in

the condition with only one voice (Fig. 4). This was statisti-

cally confirmed by a repeated measures analysis of variance

with sound condition as independent variable, F(3, 156)

¼ 5.13, p¼ 0.002, g2
p¼ 0.09. Of key interest, a contrast

analysis showed that the linear trend across conditions was

significant, F(1, 52)¼ 15.48, p< 0.001, g2
p¼ 0.23. Follow

up t-tests showed that writing fluency was significantly lower

in the condition with one voice than in the condition with

three voices, t(52)¼ 2.17, p¼ 0.034. There was also a signif-

icant difference between one and five voices, t(52)¼ 2.37,

p¼ 0.022, between one and seven voices, t(52)¼ 4.35,

p< 0.001, and between three and seven voices, t(52)¼ 1.79,

p¼ 0.04 (one-tailed). All other comparisons were non-

significant. It should be noted that these multiple compari-

sons run the risk of type I errors. If a Bonferroni correction

is applied to check the results against inflation of alpha error,

the only two conditions that differ significantly are the one-

voice condition and the seven-voice condition. However,

linear function between the number of voices and writing

fluency is not concerned with this inflation and Bonferroni

corrections enhance the risk for type II errors. Taking these

considerations into account, the Bonferroni correction does

not change the main implications of the results.

C. Discussion

Writing fluency increased when more voices were added

in the background. The concomitant reduction in the disrup-

tion produced by babble harmonises with the finding that a

reduction in STI (or an increase in “privacy”), enhances

writing performance (Keus van de Poll et al., 2014). This

effect is unlikely to be attributable to the mechanism respon-

sible for the changing-state effect, as writing is not sensitive

to mere acoustic change but sensitive to disruption from the

meaning of background speech (S€orqvist et al., 2012).

Whereas masking reduces the magnitude of the changing-

state effect, in the context of serial recall (experiment 1), by

smoothing the distinct elements in the speech signal into a

more continuous noise, the effects of masking in experiment

2 is probably due to reduced speech intelligibility. A system-

atic reduction of the intelligibility of the speech signal,

toward a non-intelligible babble, reduces the disruptive

impact of the semantic properties of irrelevant sound on

writing performance.

IV. GENERAL DISCUSSION

Experiment 1 found that serial recall performance is

impaired by a single voice, but when this single voice is

masked by multiple voices, error rates return to baseline.

Multiple-voice masking was also, together with water waves,

evaluated as the most pleasant masker, in terms of workload

and acoustic satisfaction. Based on these findings,

FIG. 4. Mean writing fluency (characters in the final edited text plus deleted

characters during the writing process) scores in experiment 2, across four

sound conditions with a various number of voices talking simultaneously in

the background (one voice, three voices, five voices, and seven voices).

Error bars represent standard error of means.

FIG. 3. SNRenv in dB for the three conditions three voices (left), five voices (middle), and seven voices (right). The values refer to the maximum voice-

specific SNRenv values and are in gray scale as indicated by the scale on the right.
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experiment 2 was designed to study the effects of multiple-

voice masking in more detail, and to do so within the context

of an arguably more applied type of task. Experiment 2

found that writing performance is lower with one voice in

the background in comparison with more voices, even

though sound pressure level was highest in the seven voice

condition and lowest in the one voice condition.

A. Why masking protects performance

One means by which the potential distraction from irrel-

evant sound can be overcome is to add a masking sound to

the speech signal. Adding a masking sound can achieve a

double duty: Not only does it reduce the intelligibility of the

irrelevant sound, it also reduces its temporal spectral charac-

teristics, thereby reducing the cues required to perceptually

segment the sound. In experiment 1, we demonstrated that

performance was best in silence and in “the single voice plus

multiple voices” condition and was poorest in the single

voice condition. Here then, “multiple voices” was the most

effective masker and pink noise the least effective masker.

This is consistent with the view that the addition of many voi-

ces smoothes the peaks and troughs of the acoustic signal

such that the abrupt pitch and loudness changes become more

temporally constant. The cues to segmentation, and therefore

the changing-state of the sound, are effectively reduced,

thereby preventing the automatic encoding on the order of

changing-state and attenuating the irrelevant sound effect.

In experiment 2, a writing task was used as the evalua-

tive instrument instead of serial recall and performance was

found to be negatively related to number of voices in the

background. Disruption to writing was not a result of sound

intensity. If sound intensity was a property of background

speech that produces disruption, then performance should

have been lowest in the “7 voices” condition. However, per-

formance was highest in the “7 voices” condition, and lowest

in the “1 voice” condition. This is in line with a raft of previ-

ous findings that demonstrate that the disruption produced

by irrelevant sound of serial recall is not dependent on sound

intensity (Colle, 1980; Jones et al., 1990).

Another possibility is that the effects seen in experiment

2 are attributable to reduced changing-state characteristics of

the background sound, just as in experiment 1. In this case,

as the number of voices increased, the changing-state fea-

tures of the background sound were reduced, and perform-

ance increased. However, this explanation is not compatible

with previous research on the effects of sound on word proc-

essed writing. This task is known to be peculiarly sensitive

to disruption via the semantic properties of irrelevant sound

while being invulnerable to its acoustic properties (Keus van

de poll et al., 2014; S€orqvist et al., 2012). Taken together,

the masking effects found in experiment 2 are best explained

as a reduction of the background sound’s intelligibility: As

the number of voices in the background increased, intelligi-

bility decreased, thereby impairing the automatic processing

of meaning and reducing the interference of such processing

with the deliberate semantic processes underpinning the

writing task. In experiment 2, both semantic and acoustic

properties of the sound signal were manipulated, and hence

confounded, in an attempt to study the effects of multiple-

voice masking from an applied viewpoint at the cost of theo-

retical ambitions.

B. The effectiveness of different maskers

A multitude of voices was sufficient to completely

remove the disruptive effect of irrelevant sound on perform-

ance (experiment 1). One take on this effect is that voices

are optimal as a masker. Failures to eliminate the effect of

irrelevant sound entirely may be because additional voices

did not exceed 8 in number (Ebissou et al., 2013; Hellbr€uck

and Kilcher, 1993; Jones and Macken, 1995). However,

caution should be exerted here since babble produced by 100

speakers has been shown to produce significant disruption

relative to quiet (Hellbr€uck and Kilcher, 1993) suggesting

that it may be important to take into account the acoustic

methods used to create the speech samples.

Water waves were also identified as a potent masker

(experiment 1), ameliorating the disruptive effect of back-

ground speech better than broadband noise. It is possible that

this may be for acoustic reasons: by being a better masker of

the acoustic features of the single voice embedded in the

background sound. However, water waves may also exert its

advantage by being a more “natural” sound as opposed to

broadband noise. This is consistent with the results by

Haapakangas et al. (2011) who found that spring water is a

sufficient masker for the effects of background speech on

serial recall. This may also be reflected in the acceptance rates

for the water sound.

Speech Transmission Index (STI) was used to describe

the conditions in the two experiments as in accordance to

standardized measurements of acoustic parameters for open

plan office (ISO, 2012). To include the effects of modulation

masking short-time STI values were also computed based on

average 18 ms signal-to-noise ratios (SNRs). The measure is

not validated; here it is used to illustrate the effects of masker

modulation. A short-time speech-based STI has been

described by Payton and Shrestha (2013). An extension of the

speech intelligibility index (SII) based on short time segments

(12 ms) has also been proposed (Rheberger and Versfeld,

2005). In experiment 1 the maskers were concluded station-

ary; the short-time STI produced the same result (see Table I).

In experiment 2, the short-time STI measure showed signifi-

cantly higher speech intelligibility for the three voice condi-

tion. This is further corroborated by the envelope-power

based SNR (Jorgensen et al., 2013) reported in Fig. 3.

C. Performance in comparison with subjective
measures

The performance and subjective measures mismatched

in experiment 1. There was no difference in short-term mem-

ory performance between the “silent” condition and the

“single voice plus multiple voices” condition. However, this

was not the case for subjective acoustical satisfaction and

workload: Silence was evaluated as a more pleasant acoustic

environment than the “single voice plus multiple voices”

condition. So even if performance measures indicate that

working in open offices is good as long as there are a lot of
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voices in the background, instead of just one, the subjective

ratings indicate that individuals prefer quiet environments

for cognitive work (see also Haapakangas et al., 2011;

Jahncke et al., 2013; Schlittmeier and Hellbr€uck, 2009).

Nonetheless, multiple voices were evaluated as a relatively

pleasant masker, which is consistent with the performance

data and suggests that multiple voices are the best masker in

terms of protecting performance while compromising acous-

tic satisfaction to a limited extent.

Although in the present experiment 2 exclusively per-

formance date was collected, the results of extant studies

suggest, that subjective measures already reveal subtle low-

ering in STI (Haapakangas et al., 2011; Haka et al., 2009)

before these start to be also reflected in performance meas-

ures. In fact, tasks become rated as more difficult even at

STIs of 0.35 (Haka et al., 2009), which are assumed to be

acceptable within the open plan office—at least with respect

to performance (ISO, 2012).

D. Practical implications of masking noise within the
office

Intelligible background speech (high STI values, low pri-

vacy values) is the outstanding noise problem in open-plan

offices, in which employees not only communicate with each

other, but also need to concentrate and perform cognitive

activities preferably in silence. Our study speaks in favor of

reducing background speech intelligibility to protect perform-

ance, by adding multiple voices to the acoustic environment,

or when the type of activity in the office (and its size) per-

mits, by increasing (rather than decreasing) the number of

co-workers who contribute to the sound in the acoustic envi-

ronment. A large number of voices protects performance and

increases privacy. Such a potential beneficial effect of several

background voices compared to a single speaker is mentioned

in the recently published ISO Standard 3382-3. However,

ISO 3382-3 refers to the possibility that simultaneously talk-

ing colleagues partially mask each other; a situation which

might occur only by chance (e.g., a sufficiently high number

of colleagues talking from the approximate spatial location).

The cost, however, is impaired communication. Workspace

satisfaction depends on a communication/privacy tradeoff in

open-plan offices (Kim and de Dear, 2013) and a simple solu-

tion that may satisfy both communication and privacy

demands is difficult to reach in practice. Attempts at this

have been made (e.g., the Babble Voice Privacy System by

Herman Miller) but we are unaware of scientific studies that

back up their effectiveness. We consider it a highly appreci-

ated engineering task to develop technical masking solutions

that satisfy these requirements.
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