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ISO 3382-3 provides guidelines for measuring rosouatics in open plan offices. However, the
actual behavioof people is often not considered in defining tbewstic environment of the open
plan office environment. With working environmebecoming more and more flexible, the var-
ying aspects of human behavior gains importancspiied by the HARMONICA project
(www.noiseineu.eu) a method is proposed to desthig@ffice sound environment in an acces-
sible way close to people’s perceptions. Since daxan have both a positive and a negative
influence on people’s comfort and performanceém ‘Liveliness’ is introduced as a relatively
objective quantity. It comprises four labels, goifngm ‘Quiet’ via ‘Tranquil’ and ‘Lively’ to
‘Turbulent’. Sound levels measured as equivalergl&Laeq,smin and percentile leveld £s,s5min)

are interpreted to a degree of ‘Liveliness’ base@uo algorithm, specifically designed for office
purposes. A first version of the algorithm was fmgether based on field measurements in five
Dutch office locations. For several hours per @fftoor, sound levels were measured and per-
sonal scores of ‘Liveliness’ were listed each peod 5 minutes. The resulting algorithm was
validated by two laboratory experiments with quastiaires, one for a small group of acousti-
cians and a shorter one for a bigger group of meaplh mixed backgrounds. The proposed
method aims for an accessible, intelligible intetation of the sound environment in open plan
offices. One possible application is to gain insighhow effectively the office lay-out is used.
Another possibility is to show office workers thesb spot to work that day, based on their pref-
erence for the sound environment.
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1. Introduction

Noise is widely recognised as an important causkksgbmfort in open plan offices. At high noise
levels people tend to be less comfortable. Resdasishown that productivity on the other hand is
affected mostly by the degree of distraction causgedound. Whether or not sound is distracting,
depends on the type of noise and a person’s typetwiity. Furthermore, it appears that our person-
ality and emotional state are important factorpénceiving sound. In short, the relation between
comfort, productivity and office sound is very dagent on personal preference and the activities to
be carried out. Therefore, the assessment of swmuogden plan office floors requires a broad ap-
proach.

2. State of the art

The presence of noise has a significant influent¢he performance of various types of office
work, and in particular those involving word prosieg [1]. To what extent loss of performance
occurs, depends on the type of work that is begrfppmed. Venetjoki and Hongisto have summa-
rised several studies in which this influence iamtfied [2][3]. Whether this is an actual performea
reduction, is not yet determined. Some sounds atl hinder but still have a negative impact on
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performance and vice versa. Psychological faceug, an employee’s state of mind, also have a
significant impact in this. When someone is ind tveod, this person is much more likely to perceive
any type of sound negatively [4]. In addition, sops®ple are more sensitive to sound than others.
In 1997 Ellermeier and Zimmer found a weak relatop between increased sensitivity to noise and
loss of performance [5], which was confirmed by ¥goki et al in 2006 [3].

2.1 Sound levels

In general, dissatisfaction increases along withgbund pressure level (SPL). Research by the
Technical University of Denmark (DTU) showed thagre is a relationship between the SPL caused
by road traffic and the number of people dissa@s{6]. Also when the background noise level in an
office (people talking, slamming doors, ringing pks, etc.) is increased from 35 dB to 55 dB, the
discontent increases significantly from 4% to 68% [

Remarkably, during all standard tests to simul#fteeowork, performance was only affected when
it comes to performing simple calculations (3% ietdhn). For general office work no measurements
nor surveys showed a relationship between increase® levels and performance [7][8]. Only at
very high SPL'’s of 70-80 dB(A) performing complesks is adversely affected [9]. In addition, there
is a link between high SPL’s and impairment of kheg-term memory [10]. Short-term memory
suffers from a high SPL as well, as it disruptsitimer speech (talking along in your head) [7]. These
are long term effects however, and because ohiak to quantify. A review of 21 studies on office
noise found that lowering the SPL can lead to eafiperformance increase of (only) 1.7% [4].

Initially this feels counterintuitive and subjetii®refore often prove to overestimate the influence
of high SPL’s. Thus, they often select lower ndeels as the main factor to improve their perfor-
mance [10]. Nevertheless, only marginal performagféects can be proven within the reasonable
limits of the office environment. Speech intellidity appears to have a far larger impact [11].

2.2 Distraction

Distraction is one of the main causes of loss diojpmance due to sound. Chanaud’s 2008 research
gives reason to believe that a high backgroundeneiel should not present a source of immediate
distraction [12]. He discovered that habituatiomws when being exposed to a continuous back-
ground noise level, and one is no longer conscafuike sound. Distraction occurs when the SPL
exceeds this continuous background noise by 10raiBooe. This is especially true if the noise source
is speech, in which case the intelligibility of sph is crucial [2][3]. Therefore tHgpeech to Noise
ratio, which is the difference between the speech sdéenel and the background noise level, is a
good parameter to predict disturbance [8]. A wetieppted measure of speech intelligibility is the
Speech Transmission Index (STI) as a combination of the Speech to Noise ratid theEarly Decay
Time (EDT). A lot of research into office noise revadvaround the STI, simply because intelligible
speech is both the greatest source of annoyannd thais discomfort - and the biggest cause of
performance loss [2]. Whereas performance losasis dependent and only occurs above a certain
STI value, discomfort increases consistently wighesmding speech intelligibility [8]. It should also
be considered that most research into performarsselly speech assumes speech to be undesirable,
while in e.g. a meeting one can only be productihen high speech intelligibility is ensured.

2.3 Positive stimulation

However, both performance and comfort can alsorpeaved by an increase in SPL. The reduced
alertness which is associated with high indoor teratures, for example, can be partly compensated
by a higher background noise level. Sound is aulistimulus in that situation. Another example
demonstrating this is a test with children solvimgth problems. Intelligent children performed hette
with a higher background noise level, while ledslligent children performed best in silence. This
effect is stronger in both cases if the backgraumide is not continuous but intermittent. Presumabl
sound is an stimulus for the intelligent childrenstay focused, but caused distraction for lesd-int
ligent children [7]. This experiment involved statioise, but for speech a similar phenomenon seems
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to take place. When a group of subjects is dividenl‘above average intelligence’ and ‘below aver-
age intelligence’, speech hardly affects intelligegople [11]. However, for the less intelligenbpe
ple the performance decreased with up to 11.5%glwis a stronger effect than the 7% decrease
Hongisto predicted [2].

2.4 User feedback

Due to the specific terminology used in acoustiesqulation in dB’s, use of percentiles and equiv-
alent levels etcetera), acoustical data is oftenrrprehensible to laymen. Therefor it is difficialt
inexperienced users to see meaningful relationdbébween measured data and useful information
about e.g. comfort. However, initiatives arise thimpt to clarify the data in such a way thaai
serve as an adequate communication tool betweamsipeand user. The HARMONICA (Harmo-
nised Noise Information for Citizens and Authos)ig@roject [13] is a French example of such initi-
atives, which uses an intelligible colour scaledte the nuisance caused by traffic noise, based on
both its sound level and its fluctuation. Auralisatis also an upcoming way to provide insight in
urban sound fields. These initiatives and the ek convincing equivalent for the use within build
ings induced the development of a new index.

3. Investigation approach

As stated before, it is crucial to have knowledijewt the information density and usefulness to
the receiver(s) to determine whether sound cawssf productivity and discomfort. Therefore it is
virtually impossible to design a method to detemnio what degree comfort and productivity are
affected by certain sounds, without resorting @betate sound recognition software and general
assumptions on the individuals’ desire to recelneedound’s potential information.

M+P has chosen a relatively neutral approach tosvaaidind interpretation with a focus on the
perceived acoustical environment. Since many opan gffices are designed to have designated
zones for certain types of work, especially sifeeintroduction of Activity Based Working (ABW),
it becomes easier to make a general assumptior #imacoustical quality of a certain zone. Sound
levels are expected to be low and constant in ztiregsare meant for focused work, whereas inter-
active areas should facilitate exchange of inforometvith high levels of sound and a lot of fluctua-
tion.

In response to this, M+P coined the tdrmeliness, subdivided into four categories: quiet, tran-
quil, lively and turbulent. These intelligible cgteies are based on a linear, numerical ratinghichv
points are attributed for both sound level and sidiluctuation. This results in a total score foeh
liness, i.e. the MACH index, ranging between ong tem points. The categories and numerical rating
are introduced to overcome communication issuesrart to the use of acoustical jargon. Liveliness
is intended to be an objective characteristic ohapustic environment, that enables people to esti-
mate its impact on their comfort and productivity.

Based on field experience from years of monitosognd in open plan offices, a preliminary
formula was devised to serve as a framework abating points to a certain sound level and fluctu-
ation. A field test served to test and improve forsnula, after which it was validated using twb la
tests. The formulas of the algorithm serve as mémmork, which can be improved continuously in
the future based on our ongoing research on ligsfinn practice.

4. Field survey

A first version of the algorithm was put togethexsbd on measurements in five Dutch office
locations performed by two acoustical engineerssEwoeral hours per office floor, sound levels were
measured and personal scored.ioEliness were listed each period of 5 minutes. The scherae p
sented in figure 1 shows the frame in which thewtigm was designed, where ‘X’ stands for equiv-
alent sound levelkaeq in classes of 3 dB and ‘y’ stands for the differemetween the equivalent
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sound leveld aeq and the fifth percentile valués s. They add up to a total score, in which 1 repre-
sents the most tranquil environment, whereas Iistéor the most turbulent one.

5 5.5 6 6.5 7 8 €2
_____ y4 (Ln)._____

3.5 4 4.5 5 5.5 6.5 7.5 d2
_____ y3 (Ln)

c2
2 2.5 3 3.5 4 5 6 7 v2 (Ln)
b2
1.5 2 2.5 3 3.5 4.5 5.5 6.5 v1(Ln)
1 15 2 2.5 3 4 5 6 a2
<x1 (Leq) x1 (Leq) X2 (Leq) x3 (Leq) x4 (Leq) x5 (Leq) X6 (Leq) x7 (Leq) <yl (Ln)
al i bl i cl i dl i el i fi i gl i hi

Figure 1: Frame for designing the algorithm foreliness.

During the field survey all constants were adjustednsure that the closest possible match was
made between the perceived personal index (RIjvefiness and the calculated MACH index (MI).
The average of the two individual scores made byo acousticians, who were seated at the same
desk, formed the PI. All constants (al, b1, etoed parameters (x1, x,2, etc. and y1, y2, etc.) were
subjected to adjustments to reach an algorithmitést fitted the data. Figure 2 shows some results
of matching the graph of the Pl with graph of theféd half or full days monitoring at several oféic
locations. The measuréd eqandLas are shown for reference.
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Figure 2A: Field research with 2 acousticians (sddocation).
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Figure 2B: Field research with 2 acousticians (folmcation).
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Figure 2C: Field research with 2 acousticiansHfiftcation).
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The second location (Figure 2A) was a relativetydypen plan office where some phone calls and
live conversations took place, combined with oth@unds like closing doors and occasionally the
activity of a loud printer. Most conversations giftbne calls were performed with lowered voices.
The fourth location (Figure 2B) in Hoofddorp colld described as a quiet environment, where most
noise was caused by some nearby conversationsrdf/a few people. At the last location (Figure
2C), two office environments were covered. Thet fiverking spot was chosen in large open plan
office, close to a pantry where many conversatanmseven a meeting took place. Speech was almost
always present, and non-intelligible for most @& ttme. The second working spot was chosen in the
middle of a call centre / help desk environment.

The results of the field survey show some diffeezhetween the perception of the acousticians
and the interpreted values to the MACH Index. Reatibn of the recorded 5 minute audio fragments
showed that most of the fragments include othenddypes than speech, like closing doors and
printer activity. In composing the algorithm, thectsion was made to take speech as the first and
most important ingredient for the interpretatiorsotind levels taiveliness.

5. Laboratory survey

Out of all audio fragments recorded during the b@-sieasurements, sixteen audio fragments
were selected, each with a duration of one minodesediversity in sound level and sound fluctuation
They were presented to two groups of people, amparss and people with a varied background, via
an online questionnaire. To the acousticians &tesn audio fragments were offered, whereas the
mixed group was presented with one of two diffegurstionnaires with mixed fragments and with
a maximum of eight audio fragments. The respondeete asked to wear headphones and turn up
the sound levels to such a level that typing onkiyboard in a quiet test fragment could just be
heard. The question was posed as follows:

> Welcome to this audio fragment.

| would rate the liveliness of this office environment as

1. QUIET
2. almogt quiet
3. moretranquil
4. TRANQUIL
5. almogt tranquil
6. almogt lively
7. LIVELY
8. morethan lively
9. almost turbulent
10. TURBULENT

Figure 3: Example how to rateéveliness as part of the questionnaire

5.1 Questionnaires 10 respondents — acousticians

In figure 4A and figure 4B the results are dispthy®m the questionnaire among acousticians.
Figure 4A shows both the personally perceikaaiiness (Personal Index) and the generic predicted
Liveliness (Mach Index). The measuréd eqandLas are shown for reference. For the Pl the average
value is projected in the bigger dots, togethehhie mean, minimum and maximum value and the
second and third quartile (boxplots). In figure B PI's are projected in one figure once more.

The results showed a good enough resemblance bethhe®]1 scores and the predicted Ml scores
to offer the selected audio fragments to a biggedremce without the professional background of an
acoustician. The acousticians suggested to shtmemuestionnaire to a maximum of about ten
minutes to minimise the threshold of participation.

Audio fragments F7, F8 and F9 were all recordetthénsame office location with a measurement
range set 10 dB lower than for the other audionraigts. Although this doesn’t affect the measured
sound levels, it lowers the volume of the recordimigich turned out to be of significant effect tie t
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personally experience liveliness. Especially tisailts of fragment 8 showed a big difference between
the Pl score and the Ml score. It was decided tmnger use these fragments in this investigation.
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Figure 4A: Results of questionnaires with 10 adoisst respondents and 16 audio fragments.
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Figure 4B: Results of questionnaires with 10 adoiast respondents and 16 audio fragments.
Pl scores - boxplots and mean values

5.2 Questionnaires 100 respondents — random profess  ionals

As mentioned before, the total list of audio fragisewas shortened from sixteen to twelve after
feedback of respondents from the first lab suridéye softly recorded fragments F7, F8 and F9 were
removed from the list for further investigationagment F3 was removed as well, without a specific
reason. To further decrease the fill out time, $@ts of audio fragments were created, each ingudin
the two audio fragments with the highest MI andtthe fragments with the lowest MI. Per set four
unique audio fragments with intermediate Ml werdextl The two sets of questionnaires together
covered all twelve selected audio fragments, ad bhe®ore with the acousticians. In total, almo$i 10
guestionnaires were filled out.
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Figure 5A: Results of questionnaires with 100 resiemts — random professionals
and 12 audio fragments (8 fragments per set).
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Figure 5B: Results of questionnaires with 100 reslents — random professionals and
12 audio fragments (8 fragments per set).
Pl scores - boxplots and mean values

The mean results of the Pl and MI show almost idahvalues, which gives good ground for
further use of the parameteiveliness in practice. Individual differences in sensitivitguld be of
influence on this higher rating bfveliness. More sensitive people are expected to give higberes
to the same audio fragments than less sensitivelg@deor future investigations, it would be intéres
ing to compare different groups of people regardsegsitivity and personal preference. Another
striking outcome is a maximum score of 10 for teih af twelve audio fragments. This result could
also be attributed to sensitivity and personalgrexice.

6. Conclusions and applications

6.1 Method

M+P has chosen a relatively neutral approach tosvaaidind interpretation with a focus on the
perceived acoustical environment. Based on fiefpkarnce from years of monitoring sound in open
plan offices, a preliminary formula was devisedksé&ve as a framework of attributing points to a
certain sound level and fluctuation. A field testv@d to test and improve this formula, after which
it was validated using two lab tests.

The result of this is a basic algorithm that seres framework and that can be improved using
future practical experience. The algorithm cal@dad MACH index (MI), ranging from 1 to 10,
which rates the average perception of the acoligsaronment in the monitored office, ileveli-
ness. The numerical rating is also translated into ohéour categories: quiet, tranquil, lively and
turbulent.

6.2 Applications

Since many open plan offices are designed to has&ated zones for certain types of work,
especially since the introduction of Activity Bas@tbrking (ABW), it becomes easier to make a
general assumption about the acoustical qualityagrtain zone. Sound levels are expected to be low
and constant in zones that are meant for focuse#, wdhereas interactive areas should facilitate
exchange of information with high sound levels anidt of fluctuation. One possible application is
to gain insight in how effectively the office lay#ois used. The MACH index has already been im-
plemented in a wireless, low cost Internet of Thiptatform, allowing for large scale monitoring in
offices.

A ten point scale and intelligible categories m#ke acoustical environment easier to read for
laymen, which enables clearer communication araallemployees to find a zone appropriate for
their tasks of that moment. The method also givasagers a tool to assess the use of the workplace.

6.3 Future research

In future research a greater diversity of audigrnants could be offered. During this research,
participants were subjected to less than ten mémitaudio fragments, with a relatively large degre
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of variation. Real life situations are more closedgembled when the effect of adaptation to the
acoustic environment is taken into account. Onddcthink of exposing test subjects to more or
longer audio fragments to investigate this effect.

Furthermore, methods of sound recognition couldédwloped, potentially based on self-learning
systems. This would allow for a more accurate apfibbn of research performed in laboratory con-
ditions, which often focuses on specific typesafred. As a result, a relation could be made between
sound levels monitored in an office, and the predidevel of experiencedveliness caused by var-
ious types of sound like speech, a door, a prot@ny other type of sound.
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