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In open-plan offices, ambient noise made of intelligible conversationsis generally perceived
as one of the most important annoyance for tasks requiring concentration efforts. This
annoyance has been proved to lead to a decrease of task performance and to health
troubles for people in the mean and long term (tiredness, stress, etc.) Consequently, the
improvement of wor king conditions should pass by the evaluation of speech annoyance that
could give rise to recommendations on the arrangement of the open-plan office and on
acoustical treatment of walls, ceiling and furniture. In that context, a standard SRT
(Speech Reception Threshold) measurement campaign was set up, in order to evaluate the
effect of speech ambient noise on intelligibility. For the trial purpose, a large set of
syllabically-balanced French sentences has been constituted from Combescure, Fourier and
Hint sentences. The ambient noise was made of both synthetic (modulated white noise,
speech like modulated white noise, inver sed speech noise) and real recordingsin open-plan
offices. In parallel, a second measurement campaign with subjects was conducted whose
aim was to study the influence of intelligibility on the performance and effort in the
realization of a seriation task. Results showing some links between intelligibility,
performance and effort are presented in the paper.

1 INTRODUCTION

Noise is reported in many studies as the most ristg physical nuisance in open-plan
offices. It has been noted that speech noise ticparly annoying for office workets A need
has thus emerged amongst occupational health $pexcitor a way to assess the acoustical
quality of an office with regards to this problet INRS (French National Institute for
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Occupational Health), this concern was integratedhie research topics several years ago,
starting with studies on the impact of continuol®me conversations in call centers. More
recently, projects have been initiated on the &dfeaf intelligibility on performance and
workload in open-plan offices. This is the topic tbk paper, which mainly focuses on the
description of experimental campaigns and the &ssat procedures, the results and the
orientation for the next years.

2 SPEECH INTELLIGIBILITY

Speech intelligibility is the main factor used tesdribe acoustic comfort in open-plan offices. It
is commonly accepted, supported by that the spagehigibility may be impacted by several
factors:

1. The levels of the speech and the background n@&@sl), the latter being a mixture of
equipment noise and speech noise. Indirectly, t#o r(SNR) between the two
components (speech and BGN) is a main effect.

2. The arrangement of the offices and the qualityhef materials used for the walls, the
ceiling and the furniture inside the working silehese elements have an effect on the
sound attenuation and the sound transmission bettheespeakers and the listener.

3. The type of activity and the number of persong wark in the space which determine
the signal structure of the background noise, miqdar its modulation rate.

In this section, we describe the set up of an emyet, whose objective is to evaluate the effect
of the background noise modulation on sentencdigikelity. This is done by the determination
of the Speech Reception Threshold (SRT) which isee as the signal to noise SNR value for
which 50 % of the sentences are 100% understooderf®g, such experiences have been
conducted by Rhebergenn simulated and natural signals (true voices}his paper, we show
that the use of the Plomp and Mimpemocedure is adequate for the ranking of openespac
terms of intelligibility.

2.1 The experiment

The test procedure

The test is based on the SRT procedure developelldiyp and Mimpen. Basically, it
consists in determining the SNR value for which 50Rthe sentences are totally understood by
the listeners. The value also corresponds to atligbility score of 50%, and determines the
inflection point of the psychometric function.

SRT procedure consists in presenting sentence®ise o listeners with an adaptative SNR
value which depends on the listener response (@oorencorrect). First, the SNR value is high

(typically 8 dB), so that the listener has no dotdnt its answer. Then, the SNR value is

decreased by step of 4 dB until the response isriect. From this step, the SNR value is

adapted with a value of +2dB when the responsaasgvand -2dB when it is correct. For each
series, 20 phonetically balanced sentences aremisgsto the listener. The lasts 15 values of
SNR are averaged to give the SRT value.



The test conditions

For practical reasons, measurements have beenaeddn two separate places so that two
groups of people are constituted. The first graumstalled in a small silent room (26 dBA of
background noise) of dimensions 4m x 4m x 2.5msTgnoup is composed of 23 students aged
from 21 to 37 years. They all had a normal heariag, measured using an audiometric
calibration. The second one was performed in aelasgmi-anechoic room (22 dBA of
background noise) of dimensions 10m x 7m x 7m W&tpersons aging from 14 to 61 years. No
hearing test was performed for this group but nomhethe people declared any hearing
impairment.

Except for the room and the loudspeaker, the @stlitons were exactly the same for the
two groups. During the test, the listener is plaaea distance of about 1.5m from of a unique
loudspeaker. Samples of sound, composed of a mixitithe target sentence and background
noise, are presented.

The sound level of the sample is always held dévael of 60 dB at 1m from the
loudspeaker. The SNR between the target sentendethan background level is adjusted
according to the answer of the listener (repetitbthe sentence), following the SRT procedure
of Plomp and Mimpen.

Listening material

Lists of sentences in French (299 sentences in)tatasigned for audiometry purposes,
were used as the target speech signal. The regstdirere provided by the Collége National
d’Audiométrie (French Organization for Audiometryl.he sentences are the so called
Combescure, Fournier and HINTS sentences. Theprarmunced by a male voice.

Background noise was constituted either from tlsts liof sentences or synthetic signals
according to the following description:

Stationary white noise (LTASS-WN),

White noise 100% sinusoidally intensity-modulataethvdHz frequency modulation

(LTASS-SIM8Hz),

Sentences pronounced by 1 female voice (LTASS-M@DE)p

Mixture of sentences pronounced by 3 female vo(L&ASS-MOD3pers),

White noise modulated by the envelop of sentenoasouinced by 1 female voice

(LTASS-WNMOD1pers),

6. White noise modulated by the envelop of a mixtdreemtences pronounced by 3
female voice (LTASS-WNMOD3pers),

7. White noise modulated by the envelop of a mixtdreemtences pronounced by 5
female voice (LTASS-WNMOD5pers),

8. Sentences pronounced by 1 female voice and timegsed (LTASS-MOD1pers-inv),

9. Ambient noise recorded in open-plan office 1 (LTAGBO1),

10. Ambient noise recorded in open-plan office 2 (LTAGBO?2),

N =

akrw

The reason for choosing a male voice for the tasgetences and a female one for the
background noise is to avoid confusion betweertalget sentences and the disturbing ones. The
labeling LTASS means that all the samples are egdhlaccording to the long term averaged



speech spectrum; the male one for the target sanapld the female one for the background
noise.

All of these background noises are presented ttistemers in a randomized order. For each
BGN and each listener, one SRT value is obtaineidhwis used for the ANOVA described in
the next section. The duration of the test is al@frhin, this value mainly depending on the
reactivity of the tested person.

2.2 Theresults

In this paper, two outputs of the test are analyhealigh a standard Analysis of variance
(ANOVA). First, the consistency is studied by prasgg to the listeners the same background
noise type at the beginning and at the end ofdalie(the type is different from one listener to the
other). Second, the effect of background noise rabidn is analyzed.

Test consistency

In order to analyze the test consistency, the sgp® of background noise is presented to
the listeners (but different from one listener he bther) at the beginning (first series) and the
end (last series) of the test. For each group,va¢yae the consistency of the responses with the
ANOVA in which we have two statistical populatiortie first one is composed of the responses
of the listeners for the first series and the sdcoh the responses of the last series. The
consistency is verified thanks to the HO hypotheEie respective probabilities for the equality
of the mean values for the two groups are 97% &%.6
Therefore, consistency is obtained for groupl, nmgathat this group is less sensitive to a
learning effect and to a fatigue effect that cdoédlinked to the duration of the test. This is not
true with the second group as far as there is anagtigible probability (32%) that either the
learning phase is useful for the listener to get tes the test or that the effect of fatigue is
noticeable. The difference of age between the twoms may be the more simple explanation.
In the next section, the two groups are mergedh®ianalysis of background noise effect.

Effects of background conditions

A 10[background condition BGN] x 41[subject] anatyf variance (ANOVA) was
performed on the data. “Background condition” wasnid to be significant{{9,400)] = 62.5, p
< 0.001). The result of the ANOVA is presented on figure/lich represents the SRT values for
all the background noise configurations togethehthe corresponding confidence interval. The
first remark is that 4 categories of backgroundseotan be considered according to a SRT
classification.

1. The category of BGN which are responsible of a veigh intelligibility. In this
category, are the sentences pronounced by onermpamsmally or reversely. The
SRT values are very low, which corresponds to vegh level of BGN (60 +13.3 dB
and 60 + 12.9 for, respectively, the normal aneéres signals).

2. The category of high intelligibility. It contais BGN: the LTASS-WNMOD1pers
(with noise modulated by the envelop of one pesswoice) and the open-space?.



3. The category of moderate intelligibility which cams 3 BGN: LTASS-
WNMOD3pers, LTASS-MOD3pers and LTASS-SIM8Hz whicRTSvalue is very
close to the one obtained by Rhebefgen

4. The category of low intelligibility which contair BGN: the white noise (LTASS-
WN), the open-space 1 and LTASS-WNMODb5pers.

These results confirm the literature in the seihse the more the BGN is modulated, the
higher is the intelligibility. The first categoryeems to indicate that there is no effect of
informational masking for this test. A major corsitan is that intelligibility is different between
the two open-spaces, indicating that the procedurelevant for establishing an intelligibility
ranking of the open-spaces.

Confidence intervals are small for the largest @alowf SRT and increase with smaller
values. This is due to a high variability of thetdéining conditions when only one speaker is
making the background noise.

Figure 2 gives the SRT results for the two groupdependently. We observe that the
tendency is the same, except that a higher inifelity is noticeable for the second group that
performed the test in the semi-anechoic room (whexdistening conditions are better).
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Fig. 1 — SRT as a function of background noise
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Fig. 2 — SRT as a function of background noiseHertwo groups

3 EVALUATION OF PERFORMANCE

For certain office-related tasks, notably thoseining short-term memory, a drop-off in
performance can be observed. This phenomenon iallyseferred to as Irrelevant Speech
Effect. In laboratory settings, it is often expldréarough a seriation task, where seven to nine
elements (digits, letters or words) are preseme@pid succession to participants. After a short
retention period, they are required to report laekseries in the exact order of presentation. The
ISE then seems to be related to speech intelliyibithe more the ambient speech is
comprehensible, the harsher the decrease in pefmenis. This is why an intelligibility index
such as the STI has been used to propose targetsvi@r an open-plan office of good quality. In
the same vein, Hongistoproposed a STI-performance curve to predict theremieent of
performance induced by ambient speech of a givelligbility. According to this model, for
unintelligible speech, performance is the sameaslénce. A growing impairment, following a
sigmoid curve, occurs for intermediate STI valuemging from 0.3 to 0.5, where the
deterioration of performance is already approackisghaximum.

For other common tasks, no ISE can be noficad a consequence, when investigating the
disturbing nature of ambient speech, one has tbditernative ways to estimate the difficulty of
the task as perceived in a particular sound enmei. In the ISE-related literature,
guestionnaires are the most frequently used metihaibtain such an assessment. Their use is
also relevant to complement performance measuran@ntshort-term memory tasks. In that
case, subjective assessments generally agree hjgbtive ones. Participants express a higher
level of disturbance when speech intelligibilitycieases. Nevertheless, both measurements do
not seem to provide the same information with régarthe disturbance caused by the sound
environment It should also be noted that the questions askedrticipants vary across studies,
which can make comparisons difficult. The use ofiidespread workload measure could be
useful for future reference.



The first goal of this study is to improve our urgtanding of the variations of performance with
speech intelligibility, as measured by the STI. &yploring the [0.3-0.5] range, it aims to offer
some material to further the work undertaken by g¢isto. By using an objective measure of
performance and a subjective report of difficultile following experiment also seeks to
compare these two types of assessments. Theirctegpevolutions with regard to the ambient
speech intelligibility will be observed in order tompare their ability to discriminate between
ambient speeches of different intelligibility lesehs measured by the STI.

3.1 Theexperiment

The experimental group consisted of 57 participanhe half being students and the other
half recruited through an outsourcing company spieeid in clinical trials. There were 32
women and 25 men, aged from 22 to 73 years, 36 y@maraverage. All participants reported
normal hearing and were paid for their participatio
The same lists of sentences as for the intelligytiésts were used as the speech signal as well as
for the background noise rich with multi-talker b The total duration exceeded 12 minutes.
Four values of the STI were implemented: 0.3, 0.8,and 0.7. A model proposed by Hondjisto
predicts the STI between two nearby workstations.agiven office setting, the model provides
octave-band attenuations which are applied to peetsums of both speech and noise signals in
order to obtain the corresponding STI value.

Participants worked over two sessions on consexulays. Each session included three 10-
minute blocks, separated by 5-minute pauses. Orthesh was carried out in silence, which
served as a control condition for which STI = Or Bach of the other two, one of the four sound
environments was used. At the end of the two sessiach participant had been confronted to
the four STI values. The order of the sentences raadomized before each block. The sound
condition sequence was also balanced between ssibjéee experiment took place in a sound-
treated booth. Participants were alone in the hdmhind a desk. They faced a computer screen
and were equipped with a mouse. Behind the scresnawoudspeaker, which created the sound
environment. The A-weighted SPL was 46 dB(A) forfalir noisy conditions.

Participants had to achieve a seriation task. Anpéation of integers from 1 to 9 was presented,
one number at a time (700 ms on, 300 ms off, MSsSerif font, 3 cm high). After the last
number had disappeared, a five-second pause wasvells The individual numbers then came
into view in a 3x3 response array. Participantsensssked to reproduce the series in the exact
order of presentation by clicking on the buttongteA clicking, the number disappeared and
could not be selected again. The next series b&aeconds after the ninth number was
proposed. The response phase was self paced, wieighs that participants carried out as many
series as they could in the 10-minute block. Peréorce was measured by first reporting the
number of figures incorrectly placed in any serilse average number of errors per series in a
block was then calculated.

After each block, participants were presented vatltomputer-based French version of the
NASA-TLX questionnair& This workload assessment method comprises sistigns, each of
them addressing a particular component of the rhewatikload as detailed in Table 1.

Table 1: Overview of the NASA-TLX questionnaire



Question 1 Mental demands of the tagk

Question 2 Physical demands of the task

Temporal demands of the
task

Question 4 Self-rated performance

Question 3

Question 5 Effort level

Question 6 Frustration

For each question, participants gave out a scamgpused between 0 and 100 using a 21-point
scale. The lower the score, the more comfortal®esttuation was reported to be. A Raw Task
Load Index (RTLX) was eventually calculated by ageng the six scoré$

3.2 Reaults

Statistical analyses were led using Stata v12.0igh degree of heteroscedasticity for both
performance and RTLX excluded the use of a clakaiN®VA. Moreover, the data presented a
hierarchical structure: blocks were carried out argiven session by a given participant.
Therefore, within-subject and within-session catiehs had to be taken into account. These
observations led to the use of a three-level me#ekts regression model, with a dummy
variable for each condition. After modeling, it widmen possible to assess separately between-
subject variability, the learning effect betweesssens and the residual variance.

Performances

In the silent conditions, participants averaged &1drs per series. A significant effect of the
sound condition could be foungt = 22.84, d.f. = 4, p < 0.05).

An agglomerative hierarchical clustering showed tha group of participants could be divided
into two separate groups with distinctive sendieg to the sound environment, as shown in
Figure 3. Neither age nor sex had a significariti@rice on the classification.

The first group is composed with high-performingpjgets (32 members, 1.8 errors per series on
average in the silent condition). Their behavigoeteded very little on the sound condition, as no
significant effect of STI value could be found.

The average performance in the second group waar I(®A8 errors per series on average in the
silent conditiony? = 7.89, d.f. = 1, p < 0.05). Most noticeably, m&mbers displayed a higher
sensitivity with regards to the sound environmdiie decrease in performance reached 11% for
STI = 0.7. The effect of STI value on DP was sigaifit ¢z = 93.36, d.f. = 4, p < 0.05). Noise
was significantly detrimental to performance whempared to the silence conditiof € 15.43,

d.f. =1, p <0.05). More errors are made for thie highest levels of STI (0.5 and 0.7) than for
the two lowest ones (0.3 and 0y2= 11.46, d.f. = 1, p < 0.05). The difference iR @as higher
between the 0.4- and 0.7-levels (5.6 percentaggg)adhan between the 0.3- and 0.5-levels (4.5
percentage points). This result does not compih Wie shape of the curve in the prediction
model.
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Fig .3 - Decrease in performance for the two groapparticipants.

Adding speech noise affected negatively the goodcation of a seriation task. This
phenomenon grew stronger as the ambient speech mieligibility increased. Nevertheless,
any analysis should allow for the high level ofvben-subject variability. A sizable portion of
the panel exhibited no sensitivity to noise. THatrenship between the decrease in performance
and the value of the STI did not conform to theveuproposed by Hongisto. This sigmoid
function was chosen because it mimics the shaptheofcurve describing the dependence of
subjective intelligibility of sentences on the SThis assumption suggests that the level of
performance in the task at hand depends on theingeahthe ambient speech. However, it does
not appear to be the case for many tasks, suchmatesseriation tasks A shape approaching
the curve relative to CVC-syllables may be moregadée, as these elements do not carry any
meaning.

Mental workload

There was a significant effect of the sound coodiffy? = 114.63, d.f. = 4, p < 0.05). The
reported RTLX was much higher in a noisy environtrteéan in silence, as shown in Figure 4.
This difference should not, however, be attributetély to a change in STI. It may be a known
fact that performance in a seriation task is naisiive to the noise levE] but it is not
necessarily the case for mental workload assessment
Once again, no significant difference could be mhdiveen the intermediate STI values. In
order to show whether both objective and subje@assessments of disturbance vary in the same
way with the STI, separate analysis were led wita same groups that were presented in
previous section. The results are shown in Figui®ubjects drawn from the first group reported
lower RTLX scores than their counterparts fromgbeond groupyf = 16.96, d.f. = 1, p < 0.05).
For both groups, the three intermediate conditimese not significantly different from one
another. Although, the test is less discriminatiogthe first group (which is less sensitive to
noise), it remains consistent with the second amadase of workload with the intelligibility).
Therefore, the test seems robust against a deegeaisine number of tested subjects.
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Fig. 5 - NASA-RTLX scores for the two groups ofipgants.

The NASA-TLX was conceived and validated as a dlaiigect, taking in consideration all
guestions. This makes any study of responses todividual question theoretically unsound.
Nevertheless, it can be a useful diagnostic toaliriderstand which questions bear the most
importance in the variations of the global ratime range of predicted scores for all 6 questions
in noisy conditions, expressed as a relative irsgdaom the lowest predicted score for each
guestion, is presented in figure 6.

It appears that questions 2 (related to the phlydiEmand of the task) was the one for which the
range of predicted scores was the widest. Thisiite gurprising because the task does not seem
to be physically strenuous, which should make thestjon irrelevant to our experiment. The
study of variance partition coefficients (VPC) sgna light on that fact: 70% of the total
variance of the scores for question 2 could beanpt by between-subject variability and only
2% by the sound condition. These numbers tend tahguprevious observation regarding the



high relative increase into perspective. As a matk fact, despite the seemingly great
differentiation, the residual error was too impattéor the effect of STI level to be significant.
No significant differences between noisy conditiaosild either be noticed for questions 1 and
3. These results indicate an increase in STI didchange the way participants perceive the
difficulty of the task.

15 20 25

Relative increase in predicted score (%)
10

—— Question 1 Question 4
—— Question2 ——%—- Question5
—— Question3 ——+—- Question 6

Fig. 6 - Increase in predicted score relative te thinimum for noisy conditions for the 6
questions of the NASA-TLX questionnaire.

It should be noted that question 3 was treated dédfgrently from subject to subject. While
some considered primarily the time pressure thétydigring the presentation of the numbers,
others expressed that, as the response phase lirpacssl, there was no particular temporal
demand to report. This could account for the lichitariations of the reported scores for this
item. On a related issue, response time was alssuned. No significant effect of the sound
condition could be found.

When considering the noisy conditions only, thesetffof the STI value on reported scores
reached significance for questionsyd £ 9.61, d.f. = 3, p < 0.05) and ¢ 9.30, d.f. =3, p <
0.05). These questions refer respectively to stéfer performance and effort level. Participants
reported that an increase in STI forced them tokwarder but still altered the quality of their
output.

Adding speech noise increased the mental worklohda cseriation task as reported by
participants. The workload was stronger for ambsgg@tech of high intelligibility. Noise affected
less the perception of difficulty by the subjedtart the appreciation of their work during the
execution of the task. The information given bysthsubjective reports was not redundant with
what the objective measurement of performance dotitdy by itself.

4 CONCLUSIONS

The objective of the paper was to report the expenial studies which have been done recently
at INRS in order to evaluate the disturbance indumeambient noise in open-plan offices.

The main goal was to create relevant set up ancedroes in order to test both the intelligibility
of speech, performances and mental workload in-gpace conditions. This was done and the



results presented indicate that, on the axis dlligibility, the SRT procedure seems to be
relevant for a ranking of the open-spaces: diffemgren-spaces, different SRT values. The test
has now to be extended to other in-situ measuremehtambient noise and an objective
guantification of it (through a modulation rate fostance) has to be performed. As concern the
evaluation of performance and workload, the measent results are encouraging as far as they
clearly highlight the detrimental effect of the agrid noise conditions with a good intelligibility.
This result is consistent with the literature, Indre has to be done regarding the shape of the
general STI-performance curve. For instance, ooneldhbe aware of the high level of between-
subject variability. This problem may be mitigategenlisting a greater number of participants.
Further experiments are planned and a few remagksiping to the making up of an adequate
protocol can be made.
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