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Abstract 
This thesis consists of seven publications that presented results of room acoustic research 

studies. Room acoustic measurement and prediction methods for work spaces are studied. 
Measurements are made in industrial workrooms, open-plan offices and two significantly  
different laboratory spaces of Finnish Institute of Occupational Health, Turku. This thesis 
presents a new room acoustic measurement method for open-plan offices. The method is 
published in ISO 3382-3:2012 standard. The method is developed from a method originally 
used in room acoustic measurements of industrial workrooms. An omnidirectional 
loudspeaker and wide band noise signal are used to measure spatial decay of sound pressure 
level (SPL) of speech from one workstation to other workstations on a measurement line. SPL 
of masking sound and speech transmission index (STI) are also measured in the workstations. 
The measurement results are used to determine single-number quantities: spatial decay rate 
of the A-weighted SPL of speech, D2,S, the A-weighted SPL of normal speech in the distance of 4 
m from the speaker, Lp,A,S,4m, and distraction distance, rD. Target values are determined for the 
single-number quantities. They are based on the distribution of measurement results in 
Finnish open-plan offices. 
Simple prediction models are developed for D2,S and Lp,A,S,4m. The models are based on linear 
regression analysis of empirical data from 16 different open-plan offices. The effect of room 
acoustical changes on spatial decay of speech in open-plan offices can be estimated using these 
simple models. A procedure to calculate STI using the simple models and to determine rD is 
described. The predicted single-number quantities are compared to measured quantities in 26 
open-plan offices. 
The effect of room acoustic changes on STI and spatial decay of speech is studied in two series 
of laboratory experiments. The first study focuses on two adjacent workstations in a test room 
where all the walls are sound-absorbing. The effects of ceiling, floor and screen absorption, 
screen height, room height and masking sound level are investigated. The second study 
examines the effect of ceiling, wall and screen absorption, screen height and masking sound 
level on the A-weighted SPL of speech, the spatial decay rate of speech and STI in an open-plan 
office laboratory with 12 workstations. The laboratory experiments provide measured evidence 
on the effects that typical room acoustic changes cause to SPL of speech and STI in open-plan 
offices. The effect of ceiling, wall and screen absorption, screen height and SPL of masking 
sound are studied exhaustively. The results emphasize the importance of all-inclusive design 
of room acoustics in open-plan offices. 
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Preface 

My work on acoustics started at the Finnish Institute of Occupational Health 
in 1998. In the years that followed, I participated in several research projects 
that collected large amounts of measurement data from many different work-
places, including factories and offices. All the projects were carried out in col-
laboration with my colleagues in our office in Turku. During the years 2000–
2003, the focus of our research was on noise measurements and room acous-
tics at industrial workplaces. At that time, most measurement methods con-
centrated on measuring average reverberation time and determining the 
sound absorption area. However, this was not satisfactory. It was possible to 
ascertain that the increase of sound absorption materials affected room acous-
tic conditions in a workroom, but the methods based on reverberation time 
could not accurately determine the effect of noise control measures on noise 
levels at workstations. Therefore, in our research, we also used measurement 
methods that determined sound pressure level decays from a single sound 
source to various workstations in the workroom. A new standardized method 
for the measurement of spatial sound distribution in workrooms was pub-
lished in ISO 14257:1999. We applied this method in several industrial work-
rooms, but there was one fundamental defect in the definition of the meas-
urement path: no obstacles were allowed on the measurement line. This re-
duced the applicability of the method, because the effect of screens on the 
sound propagation from the sound source was not sufficiently taken into ac-
count. 

At the same time, we used complex room acoustic computer models to study 
the effect of different noise control measures in several workrooms. We even 
developed a ray-tracing computer program for room acoustic modeling. Sever-
al noise control measures were implemented in real industrial workrooms, and 
we measured the effect of these using the above-mentioned methods. The 
measurement results were compared to the predicted results of complex room 
acoustic models.  

In 2006, I completed my licentiate thesis on the room acoustic models that 
were used for sound level and reverberation time predictions in industrial 
workplaces. I compared the results of seven simple models for predicting re-
verberation time and seven simple models for predicting sound pressure level 
to the predicted results of complex room acoustic models (the ray-tracing 
method), and to the measurement results in four industrial workplaces both 
before and after the implemented noise control measures. Publications I and II 
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of this dissertation present the main results of the research projects on indus-
trial workrooms. 

We used similar measurement methods in open-plan offices, i.e., measure-
ments of reverberation time and sound level decay from a single sound source 
to other workstations. We also measured speech privacy between the workstat-
ions using the RASTI –method (Room Acoustic Speech Transmission Index). 
At that time, we noticed that an increase in sound absorption could increase 
the RASTI –values in the adjacent workstations. Consequently, although 
speech privacy decreased, the room acoustic conditions were assumed to im-
prove due to decreased reverberation time and lower sound levels. The com-
plexity of this phenomenon required more research on the room acoustic con-
ditions of open-plan offices. After 2003, our research projects focused more on 
open-plan offices. We developed a simple model to predict RASTI for speech 
propagating from an adjacent workstation. The predicted RASTI –values were 
compared to values measured in 30 adjacent workstations in seven open-plan 
offices. The prediction accuracy was deemed acceptable. These results were 
presented in Publication III.  

Speech sounds can travel long distances in open-plan offices, thus investi-
gating only two adjacent workstations does not provide adequate information 
on the room acoustics of a whole open-plan office. Therefore, we created a 
measurement method for the spatial decay of speech from a single workstation 
to other workstations on a measurement line. This method was developed on 
the basis of that described in ISO 14257. In addition to measurements of the 
spatial decay of the sound pressure level of speech at workstations, we 
measured the speech transmission index (STI) at the same workstations. 
Between 2005 and 2008, we took several measurements in different offices, 
which laid the basis for Publications IV and V. These studies provided the sci-
entific basis for the development of the ISO 3382-3 standard, which describes 
the measurement method for the spatial decay of speech in open-plan offices 
and the derivation of single-number quantities for the evaluation of the 
acoustic performance of open-plan offices. The studies also provided the 
knowledge base for the determination of target values for single-number 
quantities. Finnish recommendations on the design of offices were composed 
on the basis of the target values presented in Publication IV, and the experi-
ences gained from the above-mentioned studies. 

My experience of simple prediction models for industrial workrooms encou-
raged the development of such models for open-plan offices. The first version 
of the prediction model for the spatial decay rate of speech in open-plan offices 
was presented in ICA 2007. However, further development and determination 
of the prediction accuracy of the model took several years, because we needed 
additional measurements from many different open-plan offices. The pre-
diction model was finally published in Publication V in 2013. 

In 2003, we also started a series of laboratory experiments in which we stu-
died the effects of different room acoustic changes on the sound pressure level 
of speech and RASTI between adjacent workstations. The results of these ex-
periments were presented in Publication VI. We observed the importance of 
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the sound absorption of vertical surfaces such as screens and walls. The expe-
riments confirmed that RASTI between adjacent workstations remained high 
i.e. speech privacy is poor unless masking sound is used.  

We used our office laboratory in alternative ways for experiments that stu-
died, for example, work performance in cognitively demanding tasks with va-
rious masking sound levels, and alternative masking sounds. For example, a 
laboratory experiment in 2004 indicated that STI could explain the effect of 
irrelevant speech on work performance better than any previously used para-
meter. This was one of the reasons for also systematically measuring STI in 
real open-plan offices. 

Finally, in 2010, we built an open-plan office laboratory with 12 workstat-
ions. The effects of different room acoustic conditions at various distances 
from the speaker were carefully studied in the workstations. The results of 
these room acoustic measurements were reported using the recently defined 
single-number quantities in Publication VII.  

I am grateful to Adjunct Professor Valtteri Hongisto, my thesis advisor, for 
the opportunity to have participated in such interesting and internationally 
acknowledged research projects. Without these research projects, this thesis 
would not have been possible. His guidance on this thesis has been invaluable. 

I thank the preliminary examiners of the thesis, Professor Emeritus Jens 
Holger Rindel and Professor Jin Yong Yeon for their comments and feedback 
on the manuscript of the thesis. 

I would also like to thank my supervising professor Vesa Välimäki for his en-
couragement and help in handling things smoothly during my doctoral studies 
at Aalto University. I am also grateful to my former supervising professor 
Matti Karjalainen for his support and guidance in the early years of my studies 
in the unit of signal processing and acoustics. 

My special thanks go to my research colleagues Petra Virjonen, Riikka Hele-
nius, Jarkko Hakala and David Oliva in the Indoor Environment Laboratory in 
Turku. Their contribution to the research projects was indispensable and 
enabled the collection of measurement data that was used in the publications 
included in this thesis. I would also like to thank Hannu Koskela, Timo Hauta-
lampi, Pekka Saarinen, Vesa Koskinen, Petri Kalliomäki and other colleagues 
for their encouragement of my efforts. 

I also extend my thanks to the many companies that lent their premises to 
our disposal during the measurements (Publications I–V), and the companies 
that provided sound absorption products and furniture for the laboratory ex-
periments (Publications VI and VII). National Technology Agency Tekes, The 
Finnish Work Environment Fund, the Ministry of Social Affairs and Health, 
the Finnish Institute of Occupational Health, and several participating compa-
nies are acknowledged for their financial support of the research projects dur-
ing the years 1998–2013. The writing of this thesis was financially supported 
by The Finnish Work Environment Fund (project 113345). 
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Finally, I thank my wife Tanja for her patience and support during the long 
dark winters and my children Senna and Aarni for being the source of happi-
ness in my life. 

 
 

Jukka Keränen 
Perrysburg, Ohio, USA, December 18, 2014 
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1. Introduction 

The way in which people work has evolved dramatically in the last century. 
Many work tasks are performed in office-like environments. Recent develop-
ments in information and communication technology have increased the mo-
bility of employees. Work is no longer bound to fixed workstations, and this 
gradually increases the diversity of workplaces. Yet, the usual workplace is an 
open-plan office in which acoustic conditions are unsatisfactory, because of 
poor speech privacy and distracting sounds from other people [1–5].  

1.1 Problems in open-plan offices 

The sound environment problems of open-plan offices have been documented 
widely. They mainly appear as increased noise complaints [1], but have also 
been associated with negative outcome variables such as decreased environ-
mental [2] and job satisfaction [6], impaired concentration [7] and decreased 
self-estimated work performance [2]. Open-plan offices have also been associ-
ated with lack of privacy [1,3,8,9], an increased prevalence of different symp-
toms [1] and increased self-rated sickness absence [10]. On the whole, subjec-
tive satisfaction with acoustic conditions is often low in open-plan offices 
[1,2,11]. 

Noise in offices can consist of many different sounds that are below hazard-
ous noise levels. Speech, laughter, phone tones, and footsteps can be more 
distracting than constant ventilation noise, external traffic noise or artificial 
masking noise [e.g. 2,12]. Though speech is necessary in communication and 
team work, irrelevant speech can decrease performance in work tasks that re-
quire concentration. Many employees use headsets to improve communication 
in phone conversations, virtual meetings and video conferences, which can 
increase the amount of speech distraction for employees who are not attending 
the event. 

One typical reason for moving into an open-plan office is cost-efficiency. In 
principle, in open-plan offices, employees take up half the area they would 
need in separate office rooms. Improved communication and relationships, 
better flow of information, modern architectural design, and shorter distances 
to common spaces are used as positive arguments to promote and choose 
open-plan offices. Poor acoustic conditions are not taken seriously and em-
ployees are expected to adapt to the new environment. [13] It seems that the 
negative arguments are not given as much consideration as the positive ones. 
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From the economic perspective, the effect of perceived office noise on 
productivity must be estimated. Objective measurement of work performance 
is difficult in miscellaneous tasks that are performed in offices. However, in 
questionnaire surveys [12,14,15], self-rated work performance has indicated 
that room acoustic improvements can have a beneficial effect on work perfor-
mance, but in situ, the evaluated changes can be affected by other variables 
such as changes in organization, personnel, management, tasks, or workload. 

Because it is difficult to measure work performance in real offices, many re-
searchers have studied the effects of office noise on task performance in labor-
atory conditions, using experimental psychology methods. Such studies have 
tested the effects of office noise exposure, for example, a variety of office 
sounds [16–18] and background speech, on task performance [19–26]. These 
studies have shown that cognitive task performance deteriorates with increas-
ing intelligibility of background speech. Speech intelligibility can also predict 
subjective responses, such as acoustic satisfaction and subjective workload 
[23], perceived disturbances [19,20], and subjective habituation [27]. 

As said above, speech sounds are often mentioned as the most distracting 
noise source by office workers [e.g. 2,12]. Therefore, the results of laboratory 
experiments [e.g. 19,20,23–27] can be linked to real room acoustic conditions 
when speech intelligibility is described using an objective parameter, for ex-
ample, speech transmission index (STI) (see 2.4 for details). Hongisto [13] 
carried out a literature review of the quantitative effects of speech on work 
performance, and ascertained that cognitive performance deteriorates with 
increasing STI. Performance decreases steeply when STI is above 0.20 and 
reaches maximum decrement when STI exceeds 0.60. However, a recent study 
[26] showed that performance in word processed writing decreased drastically 
when STI exceeded 0.23. This information is invaluable in the determination 
of target values for room acoustic conditions in open-plan offices. Thus, there 
is a need for simple, accurate methods for measuring and predicting STI in the 
workstations of open-plan offices. 

1.2 Noise control at workplaces 

About 40 million employees are exposed to loud noise at work in Europe [28]. 
Noisy work activities that cause a high risk of hearing loss exist in, for exam-
ple, manufacturing, transportation, mining, construction, agriculture, and 
military work [29]. The work environment should provide satisfactory condi-
tions for employees in which to work. The employer should strive to improve 
the protection of the health and safety of its employees. In Europe, noise re-
duction programs are composed for this purpose. They include noise control 
by engineering and design, organizational and administrative noise control 
measures, training to instruct employees to use equipment correctly in order 
to reduce noise exposure, and training in the use of individual protection 
measures, such as hearing protectors. [28]  

ISO 11690, for example, contains recommended practices for the design of 
low noise workplaces [30–32]. ISO 11690-1 recommends noise control strate-
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gies for the design of low-noise workplaces that contain machinery. Noise con-
trol strategies should be systematic. Noise levels and the noise exposure of 
employees should be investigated in detail. The most cost-effective noise con-
trol measures should be sought and implemented, and this requires accurate 
room acoustic measurement and prediction methods. ISO 11690-2 presents 
different recommended noise control measures for the design of low-noise 
workplaces. The recommended practices can also be applied in open-plan of-
fices, although, in offices, noise sources are rarely loud machines. Figure 1 pre-
sents the basic concept of noise control measures. ISO 11690-3 contains some 
recommended practices for noise predictions in workrooms.  

 

 

Figure 1. Basic concept of primary and secondary noise control measures, incuding some ex-
amples for application of different noise control measures in open-plan office. 

1.3 Room acoustic design in open-plan offices 

Acoustic design in offices includes building acoustics, room acoustics and 
noise control. Typical building acoustic tasks are, for example, the determina-
tion of adequate sound insulation between office rooms, or sound and vibra-
tion insulation design for ventilation machinery rooms. Room acoustic noise 
control measures in open-plan offices are sound absorption, screens around 
workstations and layout design (Figure 2). Acoustic specialists can recommend 
sound-absorbing materials for room surfaces and sound-absorbing screens 
and furniture, suggest adequate distances between workstations, and counsel 
in the deployment of masking sound systems. A few case studies [33,34] have 
presented the typical challenges in the design process of open-plan offices. 

The decisions that affect room acoustic conditions are often made in project 
meetings, and are based on the layout and dimensional drawings of the office, 
without complex room acoustic computer models. Simple prediction models, 
however, would enable the comparison of the effects of different room acoustic 
decisions during meetings. 

 



Introduction 

18 

 

Figure 2. Typical room acoustic noise control measures in open-plan offices are sound absorp-
tion, screens between workstations and layout design (distance between workstations). Re-
flections from the ceiling and diffraction over the nearest screen are depicted with rays. 

Problems may arise from a conflict between the interests of the owner and 
the user of the office. Typically, the user is renting the premises and needs to 
find an agreement with the owner on room acoustic improvements, such as 
large sound-absorbing areas on the ceiling and on the walls, or masking sound 
systems. Room acoustic design requires simultaneous co-operation with spe-
cialists of different branches, for example, architects, interior designers, acous-
ticians, electricians, and engineers. Single-number quantities that have clearly 
described target values simplify communication between specialists and cli-
ents. 

1.4 Earlier room acoustic studies of open-plan offices 

Room acoustic studies of open-plan offices have a long history. Pirn [8] stud-
ied room acoustic parameters that affect articulation index, AI, in open plan 
spaces over forty years ago. The study presented graphic curves for estimating 
the effects of acoustic variables, but no measurement data. Warnock [35] stud-
ied how screens, the absorption of vertical surfaces, and the absorption of the 
ceiling in an anechoic room affect the AI between adjacent workstations sepa-
rated by a screen. 

West [36] presented the first measured spatial sound decay curves in an 
open-plan office. The ceiling of the office was moderately sound-absorbing and 
the floor had an under-felted carpet. Measurements were first made without 
furniture, and then with four different furniture arrangements, using 1.5-m-
high screens. The effect of the sound absorption of the walls or screens and the 
effect of the sound-absorbing or reflecting ceiling were not studied. West and 
Parkin [37,38] studied the effect of furniture, screens and boundary conditions 
on the sound attenuation in a landscaped office. They measured spatial sound 
decay curves under three different types of conditions with a high amount of 
sound absorption. The absorption properties of the ceiling and the floor im-
proved between the experiments, but the walls were sound-absorbing in all the 
experiments. The sound attenuation effect of screens that interrupt the line of 
sight to the sound source was studied in detail [38]. There was evidence that 
multiple interrupting screens enhanced the attenuation effect in the open-plan 
office, but the effect of the sound absorption of the walls or screens was not 
studied thoroughly.  
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West and Parkin [37] also used an image source model (see 3.1 for explana-
tion of image source method) to study the effect of furniture and boundary 
conditions, for example, sound absorption on the ceiling, floor and walls in a 
landscaped office. They concluded that the image source model was not appli-
cable to situations with a large number of screens. Since, this is a typical condi-
tion in modern open-plan offices, another way to predict the spatial decay of 
sound is needed. 

Moreland [39,40] studied room acoustic parameters that affect AI in two ad-
jacent cubicle workstations, but provided very little measured data to support 
his conclusions on the effect of the studied room acoustic parameters. Instead, 
he presented a model for predicting the AI between adjacent workstations in 
an open-plan office. The calculation of AI was based on the weighted speech-
to-noise ratio in the third-octave bands of 200–5000 Hz. The calculation of 
the sound pressure level (SPL) of speech in the workstation behind the screen 
took into account diffraction over the screen, direct sound through the screen, 
and reflection from the ceiling (Figure 2). The masking sound level was as-
sumed constant in the study. 

Bradley and Wang [41] studied speech privacy between adjacent cubicle 
workstations in a laboratory. The results were presented using speech intelli-
gibility index (SII), insertion loss (IL), and the attenuation of SPL between the 
workstations. The sound absorption of the ceiling and the walls was high and 
the floor was carpeted. Screen height, screen absorption, ceiling height, ceiling 
absorption, furniture and workstation configurations, and the orientation of 
the speaker varied. The effect of sound absorption on vertical surfaces such as 
office screens or nearby walls was not studied experimentally. Furthermore, 
reflecting ceiling materials were not used in any of the experiments so that the 
results were only applicable to open-plan offices with high ceiling absorption 
and without reflective walls near the workstations. These are not typical condi-
tions in open-plan offices, and thus further research on different room acoustic 
conditions is required. 

Wang and Bradley presented, in four consecutive papers [42–45], a mathe-
matical model for sound propagation between adjacent rectangular work-
stations in an open-plan office. Image sources (see 3.1 for image source meth-
od) were used to model reflections from the ceiling and the surrounding 
screens. An empirical formula was used to calculate diffracted sound over the 
screen. The model was used to calculate the attenuation of the SPL of speech 
between adjacent cubicle workstations. The predicted SPL of speech and 
masking sound equal to the RC40 spectrum were used to calculate SII. The 
results of the model were validated by comparing them to the results of labora-
tory experiments [41]. A further study was carried out to include an analytic 
formula for diffraction calculations in the model [46]. This improved the pre-
diction accuracy of the model in situations in which the absorption coefficient 
of the ceiling is high. Nevertheless, the model presumes that there are no re-
flections from the surrounding walls, which reduces the applicability of the 
model in open-plan offices that always have finite widths, typically, from 4 to 
15 m.  
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Pop and Rindel [47] studied speech privacy between workstations in simu-
lated open-plan offices. Complex room acoustic computer models were used to 
investigate the effect of four different acoustic conditions on speech privacy. 
The first room acoustic model was based on a real open-plan office, in which 
impulse responses were measured at three listening positions at distances of 
2.4 m, 8.3 m and 14.9 m from an omnidirectional speaker. The other models 
were modified versions of the first model. The simulations were used to pro-
duce sounds for listening tests. In the listening tests, 15 subjects evaluated 
speech privacy during text editing and simple mathematical tasks in 12 differ-
ent acoustic conditions. A strong correlation was found between the subjective 
rating of speech privacy and simulated STI. This study also presented the re-
sults regarding subjective speech privacy at a distance of 15 m versus simulat-
ed DL2, but the variation range of DL2 was only between 2 and 6 dB. The study 
concluded that there is a relation between speech privacy and DL2. However, 
more research is needed to confirm this conclusion. 

1.5 Scope of the Thesis 

The scope of this thesis covers the effect of room acoustic noise control 
measures, in open-plan offices in particular. Reflections from vertical surfaces, 
walls and screens, are also considered, and workstations farther away from the 
speaker are studied. A new measurement method has been developed for this 
purpose. 

This thesis systematically studied the effect of different room acoustic im-
provements on the SPL of speech and STI in laboratory conditions. Two differ-
ent series of laboratory experiments were arranged to independently examine 
the effects of different room acoustic improvements.  

 
The objectives of this thesis are: 

 to develop a general, simple measurement method for evaluating the 
acoustic performance of open-plan offices, for both short and long 
distances. 

 to determine room acoustic single-number quantities that logically 
describe the perceived room acoustic conditions at workstations. 

 to define relevant target values for single-number quantities. 
 to replace reverberation time (RT) as the primary room acoustic pa-

rameter in the design of open-plan offices. 
 to develop simple prediction models for single-number quantities, 

which can be used in the room acoustic design of open-plan offices. 
 to estimate the prediction accuracy of the simple prediction models. 
 to demonstrate the effect of typical room acoustic changes on room 

acoustic conditions in open-plan offices. 
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1.6 Organization of the Thesis 

The thesis consists of this introductory overview and seven publications. Sec-
tions 2 and 3 describe the background to the development of the new meas-
urement methods and prediction models. Section 4 contains the relevant re-
sults of the studies (Publications I–VII), and Section 5 discusses these results. 
A graphical outline of the research is shown in Figure 3.  

Section 2 presents some common methods for room acoustic measurements 
at workplaces: First, the measurement of the temporal decay of SPL; second, a 
measurement procedure for the spatial decay of SPL; third, a procedure to 
measure the IL of a screen; fourth, the measurement methods for speech intel-
ligibility, for example, STI. These methods constitute the basis of the develop-
ment of the new measurement method. 

Section 3 gives a brief introduction to complex computer-based room acous-
tic models and simple prediction models. Complex room acoustic models were 
used in the studies of industrial workrooms (Publications I and II). Knowledge 
of various room acoustic models facilitates the understanding of the need for 
and the expectations of simple prediction models in specific purposes. 

Section 4 contains the main results of this thesis. The development of the 
methods for measuring the spatial decay of the A-weighted SPL of speech and 
the spatial decay of STI is described in detail in Publication IV. The spatial 
decay curves are used to determine single-number quantities D2,S, Lp,A,S,4m and 
rD. The determination procedure is explained carefully. The development of 
the simple prediction models for the single-number quantities is presented in 
Publication V, and the results of the laboratory experiments are presented in 
Publications VI and VII. 

Section 5 discusses the results and the conclusions are in Section 6.  
The first five publications present studies that were carried out in acoustical-

ly different workplaces i.e. six industrial workrooms (Publications I and II) 
and 33 open-plan offices (Publications III, IV and V). Publications VI and VII 
consist of two different series of laboratory experiments. The experiments 
were performed in different laboratory conditions. 

 

 

Figure 3. Graphical outline of this research. 
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2. Measurement of room acoustic pa-
rameters at workplaces 

Acoustic measurements are used to determine the room acoustic properties of 
spaces in, for example, industrial workrooms, open-plan offices, class rooms 
and, in particular, more complex performance spaces such as concert halls. 
The measurements are typically used to ensure that the space is designed and 
built in conformance with building regulations and predetermined require-
ments. They are also used to determine room acoustic problems. Measurement 
equipment consists of a microphone, an analyzing instrument or a recording 
device, and a sound source. According to ISO 3382-1 [48], the microphone and 
sound source should be omnidirectional. The sound source is often a combina-
tion of an omnidirectional loudspeaker, external signal generator, and amplifi-
er. The signal from the microphone is recorded and later analyzed. However, 
the post-processing of the recorded signal can almost be simultaneous with 
modern technology. 

The SPL measurement methods that are examined in this study can be divid-
ed into two categories: measurements of the temporal decay of SPL and meas-
urements of the spatial decay of SPL (Figure 4). Temporal decay measure-
ments determine the decrease of SPL during a certain time interval after the 
sound source has ceased. The spatial decay of SPL is measured at several posi-
tions in the room, while the sound source produces a continuous test signal. 

 

 

Figure 4. Essential difference between the measurements of temporal and spatial decay of SPL 
in a room. Typical room acoustic parameters are presented below. 
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The measurements of the temporal and spatial decay of SPL and the deriva-
tion of typical room acoustic parameters are explained in Sections 2.1 and 2.2. 
In addition to RT, nine different room acoustic parameters1, derived from im-
pulse responses, are defined in ISO 3382-1, but these are primarily used in the 
acoustic measurements of performance spaces. Thus all the parameters are not 
discussed in detail in this thesis. 

2.1 Reverberation time and early decay time 

There are many reasons for measuring RT. SPL from noise sources, speech 
intelligibility, perceived privacy and perceived sound environment depend on 
the reverberation in the room. The measurement procedure of RT2 is present-
ed in, for example, ISO 3382-1 and 3382-2 [48,49]. RT is usually determined 
from the slope of integrated impulse response curves using the range -5–25 dB 
of the decay (Figure 5). This is indicated by T20. Specified requirements for RT 
are declared in the building codes of several countries. For example, SFS 
5907:en [50] contains references to Finnish building codes. 

RT measurements are also used to determine the amount of sound absorp-
tion area in a room [e.g. 49,51]. Absorption coefficients, α, for sound absorp-
tion materials are determined using RT measurements in laboratory condi-
tions according to ISO 354 [51]. Absorption coefficients are mainly used for the 
classification of sound absorption materials as in, for example, ISO 11654 [52], 
but they are also used in the design of noise control measures and room acous-
tic conditions [e.g. 32]. Absorption coefficients are also needed in room acous-
tic models, because they determine the amount of sound energy that is ab-
sorbed by the surfaces of the room. 

                                                           
1 The parameters are sound strength, early decay time, clarity, definition, centre time, early lateral energy 
fraction, late lateral sound level, early support and late support. These parameters are correlated with the 
particular subjective aspects of the acoustical character of an auditorium. They should give a more com-
plete description of the acoustical conditions in the auditorium.  
2 RT is used to determine the duration required for sound energy density to decrease by 60 dB of its initial 
value after the source emission has ceased. Traditional measurement equipment consists of an omnidi-
rectional sound source that can produce sufficient steady-state SPL for the required minimum dynamic 
range and recording device with an omnidirectional microphone. In practice, the evaluated range for the 
decay curve is 5–25 dB below the steady-state level, because gaining an adequate signal-to-noise ratio is 
often difficult due to background noise levels. This requires that the steady-state level is at least 35 dB 
higher than the background noise level. The recorded signal is analyzed using octave or third-octave fil-
ters and an apparatus that can display and evaluate the decay record of the measured SPL.  
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Figure 5. Example of determination of reverberation time, T20=0.51 s, and early decay time, 
TE=0.36 s, from the slope of integrated impulse response. 

One subjectively important parameter is early decay time, TE, which describes 
perceived reverberation. It is commonly used in the determination of STI [53]. 
The measurement procedure of TE is presented in ISO 3382-1. The significant 
difference to RT is that early decay time is determined from the slope of inte-
grated impulse response curves, using initial 10 dB, i.e. -0–10 dB, of the decay 
(Figure 5). 

The use of RT as the predominant parameter in the room acoustic design of 
open-plan offices has recently been criticized [e.g. I,II,III,54,55]. RT describes 
local temporal sound decay, that is, how echoing occurs in the workstation, but 
it does not describe the spatial decay of sounds, i.e. how the sounds from other 
workstations are attenuated in the workstation at various distances.  

2.2 Spatial decay of sound pressure level 

A method for measuring spatial sound distribution in workrooms was present-
ed a long time ago: Friberg [56] measured spatial decay rates in an industrial 
workspace in 1975. The first curves of spatial sound distribution measure-
ments in an open-plan office were also presented in the 1970s [36–38]. Several 
field studies have published similar measurement results [e.g. 57–59]. 

The measurement of spatial sound distribution is one method for estimating 
the necessity to increase sound absorption in an empty workroom. The proce-
dure for the measurement of spatial sound distribution in workrooms is de-
scribed in ISO 14257 [60]. The default measurement path is a straight line 
parallel to the floor at a height of 1.20 m or 1.55 m. The line should be clear of 
any obstacles and away from any reflecting surfaces. From the occupant’s 
point of view, this requirement is absurd, because the only clear areas are pas-
sageways, where employees do not work. Moreover, measurements in an ob-
stacle-free area cannot take into account the effect of screens and furniture on 
the spatial sound distribution of SPL. 
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Two single-number parameters are determined for the estimation of the 
workroom’s acoustic performance [60]. The parameters are DL2, which de-
scribes the rate of spatial decay of SPL per distance doubling and DLf, which 
describes the average difference between the spatial sound distribution curve 
of the room and the reference spatial sound distribution curve3 (Figure 6). The 
intention is that the spatial sound distribution curves are measured in octave 
bands from 125 to 4000 Hz, and that parameters are determined for given 
octave bands.  

 

 

Figure 6. Measurement of spatial sound distribution and determination of DL2 in a workroom for 
a distance range of 5–24 m from the loudspeaker at an octave band of 1000 Hz. The Dref –
curve is used in the determination of DLf. 

DL2 [dB] is determined for a range of rn – rm using the equation 
 

  (1) 

 
where r0 = 1 m, z = m – n + 1, and Di = Lp,i – LW at the octave band. The sound 
power level, LW, is determined in a reverberation room according to ISO 3741 
[61].4  

 
 
 
 

                                                           
3 In theory, the spatial decay of sound in a free field has a constant rate of 6 dB per doubling the distance 
i.e. at a distance of 8 m the sound level is 6 dB lower than at a distance of 4 m. In closed spaces, the spa-
tial decay rate can vary greatly, from 1 dB in reverberation rooms to 10 dB in open-plan offices with high 
room absorption and high sound-absorbing screens between the work stations. 
4 The sound power level can be determined, although less accurately, using survey method ISO 3746 
[62], if laboratory measurements are not possible. 
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DLf [dB] is determined for a range of rn – rm using the equation 
 

   (2) 

 
where DLfi = Di – Dref, and Dref [dB] is determined by the equation 

 
   (3) 

2.3 Insertion loss of a screen 

Screens are used in both industrial workrooms and offices to block the propa-
gation of sound between workstations. The sound attenuation performance of 
a screen depends on the diffraction around the edges of the screen, transmis-
sion through the screen, the sound absorption of the screen panels, and both 
the sound absorption and room dimensions in the room in which, the screen is 
situated. The sound attenuation effect of the screen can be described using IL, 
which is determined as the difference in SPL either with or without the screen. 
Laboratory measurement procedures for office screens are described in, for 
example, ISO 10053 and ASTM 1375 [63,64]. ISO 11821 [65] describes a simi-
lar method for the in situ measurement of the sound attenuation of a screen 
(Figure 7).  

 

 

Figure 7. Measurement of the in situ sound attenuation of a screen in a workroom [65]. SPL 
measurements are made in workstations with and without a screen (grey). 

2.4 Parameters for measuring speech intelligibility 

While speech intelligibility is a subjective measure, traditionally measured by 
listening tests, many objective descriptors (e.g. AI, SII, RASTI and STI) have 
also been used for determining the intelligibility of speech from another work-
station. AI [66] was used to describe speech privacy in many old studies [e.g. 
8,35,39,40]. Later, SII [67] replaced AI and has been used in Canadian and 
American studies [e.g. 41–45]. STI and RASTI, [68], on the other hand, have 
been used in many European studies. The latest version of IEC 60268-16 
states that RASTI has become obsolete, because the method was considered 
restrictive in the testing of electro-acoustic systems [68]. However, this does 
not invalidate the observations and conclusions based on RASTI (Publications 
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III and VI), since changes in room acoustic conditions were distinctly ob-
served. 

In practice, SII and STI provide similar results in open-plan offices, though 
the calculation methods differ somewhat [69]. Nevertheless, direct compari-
son of the studies using different parameters for speech intelligibility is more 
difficult and requires careful consideration of the acoustic conditions behind 
the presented results. 

2.4.1 Determination of STI and RASTI 

STI is a physical parameter for speech intelligibility. STI=0.00 means that 
speech is unintelligible, and STI=1.00 means that speech is perfectly intelligi-
ble. In open-plan offices, STI depends on speech effort, sound absorption, 
screens, the SPL of background sounds that mask speech, and the distance 
between a speaker and a listener. 

STI can be measured for each speaker-receiver combination on the meas-
urement line, using a method described in IEC 60268-16 [68]. However, STI 
can also be determined using a measured impulse response and signal-to-
noise ratio for speech and masking sound level [53]. Below is the calculation of 
STI using the SPL of speech, Lp,S(r,fj ), the SPL of masking sound, Lp,B(r,fj ), 
and early decay time, TE(r,fj ), at distance, r, from the speaker in the octave 
band, fj, 125–8000 Hz (Publications IV and V). 

STI is determined using modulation transfer functions 
 

  (4) 

 
where the modulation frequencies, Fi, are 0.63, 0.8, 1.0, 1.25, 1.6, 2.0, 2.5, 3.15, 
4.0, 5.0, 6.3, 8.0, 10.0, and 12.5. TE(r,fj ) is the early decay time in the octave 
band, fj, 125–8000 Hz.  

The signal-to-noise ratio is determined by 
 

   (5) 
 
The apparent speech-to-noise ratio is determined by 
 

   (6) 

 
The apparent speech-to-noise ratio values are limited to a range of -15 dB–

+15 dB and STI is calculated by the equation 
 

   (7) 

 
RASTI was a simplified version of STI. We used RASTI instead of STI in the 

measurements of speech privacy in open-plan offices (Publication III) and in 
the laboratory experiments of adjacent workstations in a test room with 
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sound-absorbing walls (Publication VI). This was because we had measure-
ment equipment (Bruel&Kjaer 3361) for RASTI but not for STI. It was also 
easier to predict RASTI, since the calculation used only two octave bands, 500 
Hz and 2 kHz, and nine modulation frequencies.  

 
Using the same notation as above, RASTI was calculated by the equation 

 

     (8) 
 
where the modulation frequencies, Fi, were the same as in Equation 4.  

2.4.2 Speech sound level 

Speech effort, in other words the SPL of speech, Lp,S, has a direct effect on STI. 
There is some evidence [e.g. 70] that workers in some open-plan offices may 
use a lower speech level than that of normal effort speech. Nevertheless, it is 
reasonable to assume normal effort speech in the measurements of STI, in 
order to keep the results comparable, and to be on the safe side when consid-
ering the effect of possible room acoustic changes on speech distraction. It is 
also possible to carry out additional examinations with different speech efforts, 
if necessary.  

2.4.3 Masking sound level 

Masking sound level, Lp,B, together with speech sound level, Lp,S, defines the 
speech-to-noise ratio, LSN, which in typical open-plan offices has more influ-
ence on STI than early decay time, TE. This is illustrated in Figure 8, using dif-
ferent combinations of LSN and TE in Equations 4–7. The speech sound level, 
Lp,S, is in accordance with Table 1, and masking sound level, Lp,B, is varied to 
achieve the desired LSN. The shape of the masking sound spectrum is kept con-
stant, -5 dB per octave. To simplify this example, TE is also assumed to be con-
stant in the octave bands.  

In many offices, masking sound levels are produced by constant sound 
sources such as ventilation systems and office equipment. Such masking sound 
levels are difficult to control exactly. Masking sound levels should be measured 
in several workstations before making any conclusions regarding speech priva-
cy conditions.  
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Figure 8. Effect of early decay time, TE, and speech-to-noise ratio, LSN, on STI. The speech 
spectrum is according to Table 1, the masking sound spectrum is -5 dB per octave, and the 
early decay time is equal in the octave bands. Typical values in open-plan offices are  
0.3 s < TE < 1.0 s. 

 
Information-free artificial masking sound can be used to decrease disturb-

ance from speech in open-plan offices [e.g. 71]. Zwicker and Fastl have pre-
sented the fundamentals of masking a sound with another sound [72]. Veitch 
et al. [73] performed laboratory experiments using various masking sound 
spectra and levels. The first conclusion was that masking sound is more effec-
tive when the spectrum is similar to the speech spectrum. Secondly, acoustic 
satisfaction increases when speech intelligibility decreases. Thirdly, the mask-
ing sound is perceived as too loud when the A-weighted masking sound level is 
over 45 dB. Earlier studies of open-plan offices have also used masking sounds 
to increase speech privacy between workstations [8,35,39–45]. 

There are recent examples [e.g. 14,15,74,75] of masking sound systems that 
can create a controlled masking sound environment in an entire open-plan 
office. Such a system enables adequate control of speech privacy and reduces 
the distraction caused by irrelevant speech. 
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3. Models for room acoustic design 

Computer-aided design and simulation have become popular in the research 
and design of complex spaces. Complex room acoustic computer models have 
been used in the design of concert halls and multi-purpose halls [e.g. 76–81], 
as well as in the design of noise control methods in industrial workrooms [e.g. 
I,59,82–94] and open-plan offices [34,47,95–99]. Savioja et al. [100] devel-
oped complex room acoustic models to create virtual acoustic environments. 
The study required real-time rendering of three-dimensional sound on the 
basis of data from an interactive room acoustic model. A case study of a con-
cert hall demonstrated the possibilities of interactive real-time auralization on 
the basis of the geometrical room acoustic model of the concert hall. 

The use of complex room acoustic computer models in room acoustic design 
is often time-consuming, because of the slow creation of the models and long 
calculation times [e.g. I]. The calculation times have now decreased due to the 
improved calculation capacity of new computers and better calculation algo-
rithms, but the creation of room acoustic models is still too laborious and slow 
for practical design, though some research on simplifying model geometry has 
been carried out recently [e.g. 101]. Siltanen et al. [101] concluded that the best 
acoustic model can still be created manually by an experienced specialist. In 
addition, the absorption and scattering coefficients have to be adjusted to 
compensate the reduction of complex geometries from the model. Figure 9 
shows an example of simplified geometry in a ray-tracing model of an open-
plan office. Several details were left out and needed to be compensated by in-
creasing the absorption coefficients of the surfaces that were presented in the 
model. 

 

 

Figure 9. Room acoustic ray-tracing model of an open-plan office. The room geometry has 
been simplified and the number of details significantly reduced. Sound source, S, and meas-
urement positions, 1–8, are also presented in the model. 
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Despite the calculation capacity of modern computers and sophisticated al-
gorithms in new room acoustic software, the need for simple prediction mod-
els persists. The purpose of simple models is to help designers, architects and 
acoustic specialists to quickly estimate the effect of proposed changes on room 
acoustic conditions. In principle, these models can be applied using a small 
amount of basic information and a calculator, but in practice, they are often 
applied using a computer and a spread-sheet calculation application. However, 
there is less need for special programs, which are a typical requirement for 
complex room acoustic models. In general, the preliminary results from simple 
predictions by a specialist are often sufficient in acoustic consultancy. 

Several simple models have been presented for SPL and RT predictions in, 
for example, industrial workrooms [57,102–105] and classrooms [106]. The 
previous ‘simple’ prediction models [39,40,42–46] for open-plan offices, 
which considered only two adjacent workstations, predicted AI or SII using 
predicted SPL of speech. 

Figure 10 presents room acoustic models based on different calculation 
methods. A brief overview of complex room acoustic computer models and 
simple prediction models is given in 3.1 and 3.2.  

 

 

Figure 10. Room acoustic modeling methods. Complex models can be applied in various spac-
es, but require a large amount of detailed information for their creation. Simple models require a 
small number of variables, but can only be applied in specific types of spaces.  

3.1 Complex room acoustic models 

The concept of a computer-aided room acoustic model is not new. Allred and 
Newhouse [107,108] suggested applying the Monte Carlo method to architec-
tural acoustics in 1958. The image source method was presented later by, for 
example, Allen and Berkley [109]. This approach considered only specular 
reflections. The application of image source models in noise level predictions 
in industrial workrooms has been proposed by, for example, Lindqvist [82,83], 
Lemire and Nicolas [84], and Dance and Shield [90]. The development of the 
ray-tracing method, by for example, Krokstad et al. [110], and Ondet and Bar-
bry [85], enabled the consideration of reflections in random directions and 
scattering effects. Hybrid room acoustic models combined both image source 
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and ray-tracing methods [e.g. 100,111,112]. In this approach, early reflections 
were modeled using mirror image sources, secondary sources, and later reflec-
tions using ray-tracing (Figure 11). Vorländer [113] recently presented an over-
view of state-of-the-art complex room acoustic computer models. Other de-
tailed overviews of the implementation of ray-tracing and image source meth-
ods have also been previously presented [100,114]. Nironen [115] presented a 
review of the various methods for including diffuse reflections in geometrical 
room acoustic models. 

 

 

Figure 11. Top view of a room acoustic model of an open-plan office. The number of details has 
been minimized. Sound source, S, and the nearest image sources, S’, are presented. Some of 
the sound rays are illustrated by gray lines. The measurement position is behind the screen. 

Beam and cone tracing [e.g. 116–120] were developed on the basis of the ray-
tracing method. Adjacent rays were assumed to construct a beam that split up 
into re-radiated beams when it hit a surface. If the receiver was inside the 
beams, it was registered as a hit. A hit represented a valid image source. These 
tracing methods were more efficient in finding acceptable image sources than 
the original image source method. These methods are fundamentally image 
source methods, whereas tracing is only used for finding valid image sources 
[113]. 

Another geometrical sound-field prediction method that has been recently 
developed further is the acoustic radiosity method [121,122]. The surfaces of 
the room are divided into very small patches, which are regarded simultane-
ously as receivers and as diffusely reflecting secondary sound sources. Thus, 
the sound energy emitted from the element is proportional to the energy arriv-
ing at the element from all the other sources, and is affected by the absorption 
coefficient of the patch. The initial rendering of the room is computationally 
demanding, but when it is completed, the sound field in any receiver can be 
calculated in real-time. [123] 

The above-mentioned methods did not take into account the wave-like phe-
nomena of sound, such as diffraction around obstacles and the interference of 
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sound waves. However, recent research has produced new approaches to take 
into account edge diffraction effects [124,125]. For example, the use of second-
ary sources enabled the modeling of diffraction around edges in hybrid models 
based on geometrical room acoustics [126,127]. In theory, this advancement 
could also improve the applicability of such methods in open-plan offices in 
which, a large number of screens and other obstacles has increased the unreli-
ability of the prediction results. Despite this, the need for simple prediction 
models that can be used quickly with a small amount of basic information for a 
specific purpose still persists. 

A completely different way in which to solve room acoustic problems is to 
use numerical wave-based methods such as the finite element method, FEM, 
or boundary element method, BEM. The entire room volume is discretized into 
small elements in FEM, but in BEM, only the boundaries, i.e., surfaces of the 
room are discretized. The size of the elements depends on the wave length of 
the sound, thus the number of elements increases significantly in high fre-
quencies. Wave-based methods have only been used for low frequencies and 
relatively small spaces, due to high computational requirements. Therefore, 
these methods are not suitable for open-plan offices. In addition, defining 
boundary conditions is difficult in wave-based methods, because the complex 
impedance data required is not easily available in the literature [128,129]. This 
requirement reduces the use of wave-based methods in the practical design of 
room acoustics, where only absorption coefficients in octave bands are availa-
ble for materials that have been tested in the laboratory. 

Methods based on statistical energy analysis have been applied in noise level 
predictions in coupled systems, for which sound transmission through struc-
tures is significant [130]. The acoustic systems are presented by a number of 
coupled subsystems and a set of linear equations that describe the input, stor-
age, transmission, and dissipation of vibration energy within each subsystem. 
The equations are obtained by making statistical assumptions on the basis of 
the local properties of the subsystems. The energy flowing out of a subsystem 
consists of dissipation, radiation and transmission to other subsystems. The 
energy flowing into the subsystem consists of external source excitations and 
transmission from other subsystems. This approach has not been used for 
predicting sound propagation in open-plan offices. 

Picaut et al. [131,132] presented an interesting approach to predicting the 
sound field in arbitrary rooms. The model was based on the analogy of the 
sound energy density with a density of sound particles in a scattering medium. 
The boundaries were assumed to reflect diffusely, and the room was defined by 
its volume, surface area and average surface absorption coefficient. The model 
was generalized for three-dimensional rooms by Valeau et al. [133]. The mod-
eling results were compared to the results of the ray-tracing model in three 
different empty rooms. Agreement with both the models was good. 

The prediction accuracy of, for example, SPL, T20 and TE has shown to be ad-
equate in round-robin tests [134–136]. These tests have revealed improve-
ments in commercial room acoustic modeling programs based on geometrical 
acoustics [136]. Some individual comparison tests [e.g. I,137–140] have been 
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proposed in addition to the round-robin tests. After all, the most important 
prerequisite for a successful room acoustic simulation is knowledge regarding 
the absorption and diffusivity properties of the surface materials [136]. The 
use of complex room acoustic models requires knowledge, experience, and 
comprehension of the limitations of the chosen method, whereas simple mod-
els can be used in certain typical cases by specialists with less profound educa-
tion in room acoustics.  

3.2 Simple prediction models 

The predictions that are needed in practical room acoustic design can be made 
with significantly less effort by using simple prediction models rather than the 
above-mentioned complex room acoustic models. Simple prediction models 
are based on a small number of variables that have an effect on the acoustic 
conditions of the studied room. Such variables are, for example, room dimen-
sions, distance between the source and the receiving point, the height of obsta-
cles between the sound source and receiving points, and the sound absorption 
of different surfaces such as the ceiling, floor, walls, and furniture. These vari-
ables can be defined in different ways, and the same approach may not be valid 
for different simple models. Therefore, the exact requisites and limits of the 
model must be known.[II] 

Simple models may have various mathematical expressions, depending on 
the approach to the room acoustic problem. Some models are based on the 
analytic theoretical approach [e.g. 103–105], whereas others are based on em-
pirical data and statistical analyses [e.g. 56,57,102,106] (Figure 10). The simple 
models based on empirical data have been developed for specific types of 
rooms, for example, industrial workrooms [56,57,102] or classrooms [106], so 
they should not be applied in other types of rooms. In theory, the models 
based on the theoretical approach [e.g. 103–105] are more versatile. They can 
be applied in rooms in which the sound field can be assumed to be diffuse and 
in which the effect of furniture is taken into account in absorption coefficients. 

Publication II compared the prediction accuracies of seven simple models for 
SPL and seven simple models for RT. Other similar comparisons have also 
been made [e.g. 141]. The above-mentioned simple prediction models were not 
suitable for open-plan offices. Therefore, Publication V developed and pre-
sented new simple models for open-plan offices. The models were validated by 
comparing the predicted results to the measured results. 
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4. Results of this work  

This thesis comprises seven publications of which I–VI were published in in-
ternational reviewed journals. The publications can be divided into the follow-
ing main topics:  

 Development of room acoustic measurement methods in workrooms 
and open-plan offices (Publications I, II, III, IV) 

 Determination of new room acoustic single-number quantities and tar-
get values for open-plan offices (Publication IV) 

 Replacement of RT as the primary room acoustic parameter in the de-
sign of open-plan offices (Publications IV and V) 

 Development of simple prediction models for room acoustic design of 
open-plan offices (Publications III and V) 

 Effects of room acoustic changes using laboratory experiment (Publica-
tions VI and VII) 

4.1 Development of room acoustic measurement methods 

Publications I and II concern measurements in industrial workplaces, whereas 
Publications III and IV describe measurements in open-plan offices. An exact 
method to determine the effect of noise control measures on spatial sound 
attenuation was developed in Publication I. A calibrated omnidirectional 
sound source was used to ensure accurate and repeatable measurements. This 
sound source was placed in a workstation and the spatial attenuation of SPL 
was measured in selected workstations. The measurements were made both 
before and after implemented noise control measures to determine the effect 
of the noise control measures on the spatial attenuation of SPL. The noise con-
trol measures were designed by applying room acoustic modeling software 
(ODEON 2.5 and 3.1) using the ray-tracing method. The omnidirectional 
sound source was ideal, as it could be defined as a point source in the room 
acoustic models. The predicted results were compared to the measurement 
results in six industrial workrooms. It was possible to predict the spatial atten-
uation of the A-weighted SPL between workstations in workrooms to an accu-
racy of 3±2 dB (average and standard deviation). The ray-tracing method was 
later used as a reference for the simple prediction models in Publication II. 
Our experience in the measurement of the spatial attenuation of SPL was ex-
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ploited in the development of the new measurement method for open-plan 
offices in Publication IV. 

The measurement method for the spatial decay rate of A-weighted speech, 
D2,S, was suggested in Publication IV, and was recently published as the ISO 
3382-3 standard [142]. The focus is on the spatial decay of the SPL of speech 
as a room acoustic property that is determined using a single sound source in 
one workstation and measurement positions in the other workstations, prefer-
ably on a specific line (Figure 12). This corresponds to the most distracting 
situation, in which a single speaking person is causing distraction to employ-
ees in other workstations. The approach in ISO 3382-3 is considerably differ-
ent to that in ISO 14257 (see 2.2 for details), in which the measurement line 
should be in an obstacle-free area. The only obstacle-free areas in furnished 
open-plan offices would be the passageways, in which no employees work. The 
new method is more relevant to the perceived acoustic conditions, since the 
measurements are made at the workstations. The effect of screens and furni-
ture on the spatial decay of speech is inherently taken into account. 

 

 

Figure 12. Example of a measurement line in an open-plan office. The sound source is in the 
workstation on the right and the measurement positions in the workstations along the line. 

Questionnaire studies [e.g. 2,143] have shown that speech is the most dis-
tracting sound in open-plan offices. Thus, it is logical to use the speech sound 
spectrum for determining the results of the spatial decay of SPL. The sound 
power spectrum of normal effort unisex speech (Table 1) is used in the deter-
mination of the spatial decay of speech and single-number quantities D2,S and 
Lp,A,S,4m.  

 

Table 1. Sound power level of normal effort speech, sound pressure level of normal effort 
speech in free field at 1 m from the omnidirectional sound source, and the A-weighting curve. 

 Octave band frequency, fj [Hz] 
 125 250 500 1000 2000 4000 8000 
Sound power level of speech [dB re 1 pW] 60.9 65.3 69.0 63.0 55.8 49.8 44.5 
Sound pressure level of speech for omnidirectional 
source in free field at distance of 1 m from speaker 
[dB re 20 μPa] 

49.9 54.3 58.0 52.0 44.8 38.8 33.5 

A-weighting [dB] -16.1 -8.6 -3.2 0.0 1.2 1.0 -1.1 

 
 
 



Results of this work 

39 

Since it is more practical to use single-number quantities than individual pa-
rameters for each octave band, the spatial decay curve is determined using the 
A-weighted SPL of speech. The A-weighted SPL of speech in position n is cal-
culated by the equation 

 

   (9) 

 
where Lp,S,n,j = Lp,S,1m,j – (Lp,pink,1m,j – Lp,pink,n,j), Aj is the A-weighting and j de-
notes the octave band. The calculation is demonstrated in Figure 13. The SPL 
of the omnidirectional sound source producing pink noise in the free field at a 
distance of 1 m from the speaker, Lp,pink,1m,j, can be determined in an anechoic 
room, or calculated using a measured sound power level and by assuming that 
the sound source is omnidirectional. Thus, Lp,pink,1m,j = LW,pink,j - 11. 

 

 

Figure 13. Determination of sound pressure level of speech in position n. A-weighted values 
are Lp,A,pink,1m=95.1 dB, Lp,A,pink,n=87.4 dB, Lp,A,S,1m=57.4 dB and Lp,A,S,n=50.0 dB. 

The A-weighted SPL of speech and STI in the measurement positions are 
presented graphically (Figure 14). The A-weighted SPL of speech at a distance 
of 4 m, Lp,A,S,4m, is determined from the decay curve. 

The calculation procedure for the spatial decay rate of A-weighted speech, 
D2,S, is modified from the procedure described in 2.2. D2,S is determined using 
the equation 

 

 (10) 

 
where Lp,A,S,n is the A-weighted SPL of speech in measurement position n, N is 
the total number of positions, rn is the distance from the speaker to the posi-
tion, and r0 = 1 m. The distance range for determination of D2,S was 4–24 m in 
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Publication IV, but, as a compromise in the standardization committee, the 
range in ISO 3382-3 is 2–16 m. 

 

 

Figure 14. Measurement of spatial decay of speech. Determination of D2,S and Lp,A,S,4m using 
the A-weighted speech sound pressure levels is shown on the left. Determination of rD using the 
measured values of STI is shown on the right. 

STI (see 2.4.1) in measurement positions is determined using the SPL of 
speech and masking sound, and the early decay time in octave bands 125–
8000 Hz. The STI –values are used to determine the distraction distance, rD, 
which is the distance at which STI decreases below 0.50. This definition is 
based on the results of Hongisto [13]. The distraction distance can be deter-
mined from the graphical presentation of measured STI (Figure 14), or by us-
ing a function fitted to the STI –values. According to ISO 3382-3, STI –values 
should be presented in a graph with a linear distance-axis. However, Figure 14 
uses a logarithmic axis, in order to maintain consistency with Publications IV, 
V and VII. The distraction distance is determined using a linear regression 
function. 

Publication IV proposes a privacy distance, rP, which is the distance from the 
speaker at which STI decreases below 0.20. However, in several offices, it was 
not possible to determine rP, because the STI –values did not decrease below 
0.20. The most common reason was that the masking sound level was too low. 

4.2 Room acoustic single-number quantities 

The measurement method and results of 16 open-plan offices were presented 
in publication IV. The single-number quantities D2,S, Lp,A,S,4m and rD were de-
termined from spatial decay curves measured in workstations on a measure-
ment line in the open-plan offices. The measurements unexpectedly showed 
high variation in the single-number quantities, which indicated that the acous-
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tic conditions of the open-plan offices were considerably different from one 
another. 

Target values (Table 2) were suggested on the basis of the measurement re-
sults for D2,S, Lp,A,S,4m and rD. The limits between suggested acoustic classes 
were based on the distribution of the results found in Finnish open-plan offic-
es. The target values were included in the Finnish room acoustic guidelines for 
open-plan offices [e.g. 144] and in ISO 3382-3, Annex A [142]. RT was deliber-
ately replaced, because it provided no useful information on spatial attenua-
tion of speech. 

Table 2. Target values for room acoustic single-number quantities of open-plan offices. Acoustic 
classes as presented in Publication IV. Class A represents the best room acoustic performance 
and the highest speech privacy. 

Class D2,S [dB] Lp,A,S,4m [dB] rD [m] 
A >11 <48 <5 
B 9 – 11 48 – 51 5 – 8 
C 7 – 9 51 – 54 8 – 11 
D <7 >54 >11 

 

4.3 Simple prediction models for open-plan offices 

The experience of using complex room acoustic models led to interest and lit-
erature research for simple room acoustic prediction models. Publication II 
studies seven models for RT predictions and seven models for SPL predictions. 
These models were applied in four workrooms before and after the noise con-
trol measures, which were designed using the ray-tracing method of the room 
acoustic modelling software (ODEON 3.1). The predicted results of the simple 
models were compared to the measurement results and the predicted results 
of the ray-tracing method. The predicted A-weighted SPL in workstations indi-
cated the effect of noise control measures more logically than the predicted 
RT. The SPL predictions were also more reliable than the RT predictions when 
using both simple models and the ray-tracing method. This also supported the 
conclusion that the effect of noise control measures should be predicted and 
measured using methods based on the spatial attenuation of SPL. 

Publication III presented a simple model for predicting speech intelligibility 
for the speech from an adjacent workstation. The model predicted the SPL of 
speech using simple equations for different sound paths, for example, the first 
reflection from the ceiling, diffraction over the screen, transmission through 
the screen, and reverberant speech (Figure 15). The predicted SPL of speech, 
the SPL of masking sound, and RT were used to determine RASTI. The ap-
proach was quite similar to the model presented by Moreland [39,40], but the 
parameter describing speech intelligibility was RASTI instead of AI, the fre-
quency range was larger, 125–8000 Hz, and the reverberant speech which 
depended on RT was taken into account.  
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Figure 15. Illustration of two adjacent workstations in an open-plan office. Typical sound paths 
for speech sound propagation are illustrated by arrows. 

The predicted RASTI –values were compared to the measured values in the 
30 adjacent workstations of seven offices. The average prediction accuracy of 
RASTI, -0.02, proved adequate. However, all the measured RASTI –values 
were over 0.6, because the A-weighted masking sound levels in the open-plan 
offices were low, 29–42 dB. The measured values showed significantly poorer 
speech privacy conditions than those in earlier studies [e.g. 41], in which the 
masking sound levels were significantly higher. Nevertheless, Publication III 
showed that the room acoustic design of open-plan offices requires simultane-
ous control of sound absorption, screen height and masking sound. There was 
clear evidence that speech intelligibility remained high, RASTI>0.6, in the 
adjacent workstation unless adequate masking sound level was provided. This 
finding was further confirmed in the following measurements in open-plan 
offices (Publication IV) and in the laboratory experiments (Publications VI and 
VII). One of the first commercial masking sound systems in Finland was in-
stalled in an open-plan office after this study [74]. 

The prominent limitation of the model was that it considered only two adja-
cent workstations in the middle of a large open-plan office. It did not consider 
workstations at greater distances from the speaker or multiple reflections from 
walls. The same limitations also existed in the models presented earlier by Mo-
reland [39,40], and Wang and Bradley [42–45]. On the one hand, the ques-
tionnaire surveys [2,12] indicated that it was not only the speech from the ad-
jacent workstation that caused distraction in open-plan offices. On the other 
hand, the effects of room acoustic improvements on RASTI were not signifi-
cant in the adjacent workstation if the masking sound level was low. Conse-
quently, there was a need for a simple model that could predict speech intelli-
gibility in workstations at various distances from the speaker in different open-
plan offices. 

The idea of developing a simple model for the spatial decay of speech in 
open-plan offices was born during the study of simple SPL prediction models 
(Publication II), but the development of such a model required a large amount 
of empirical data. Such data was collected and presented in Publication IV. 
The simple model for predicting the spatial decay of the A-weighted SPL of 
speech in open-plan offices was developed using empirical data and linear re-
gression analysis (Publication V). The model consists of simple equations that 
predict the single-number quantities D2,S and Lp,A,S,4m. These quantities are 
used to predict the A-weighted SPL of speech along a line in an open-plan of-
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fice. STI is calculated using the predicted SPL of speech, masking sound level 
and early decay time, as described in 2.4.1. The predicted STI –values are used 
to determine the distraction distance, rD, as described in 4.1. This simple mod-
el (Publication V) is more versatile than the previous model (Publication III) 
as it can be used at both short and long distances from the speaker. The model 
is also easier to use as the affecting room acoustic variables can be estimated 
with very little effort. The variables are presented on the left in an application 
example of the model (Figure 16). 

 

 

Figure 16. Screen shot of a prediction tool (www.ttl.fi/openofficeacoustics) that uses simple 
models to predict STI and distraction distance, rD. The results are presented graphically on the 
right.  

Publication V compared the predicted single-number quantities D2,S, Lp,A,S,4m, 
and rD to measured values in 26 open-plan offices. The average prediction ac-
curacies for D2,S, Lp,A,S,4m and rD were ±2 dB, ±3 dB and ±4 m, respectively. 
These accuracies were considered adequate for the practical room acoustic 
design of open-plan offices.  

4.4 Room acoustic laboratory experiments  

Publications VI and VII include measurements in two different laboratories. 
The first series of experiments studied two adjacent workstations in a test 
room (31 m2) with sound-absorbing walls. The screen between the work-
stations extended from wall to wall in the middle of the room. Standard office 
furniture was placed in both workstations (Figure 17). The sound absorption 
properties of the ceiling, screen and floor were changed between the experi-
ments, using commercially available materials. The effect of screen height, 
room height and masking sound level were also studied. The second series of 
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experiments studied workstations at various distances from the speaker in an 
open-plan office laboratory with 12 workstations (84 m2). The sound absorp-
tion properties of the ceiling, walls and screens were changed between the ex-
periments, using commercially available products. Standard office furniture 
was placed in the 12 workstations (Figure 18). The effect of screen height and 
masking sound level was also studied. 

4.4.1 Experiments between two adjacent workstations 

The series of laboratory experiments (Publication VI) showed the effects of 
screen height, room height, ceiling absorption, floor absorption, and screen 
absorption on the A-weighted SPL of speech in the adjacent workstation. The 
effect of side reflections was not studied. All the walls were sound-absorbing 
and the screen extended from wall to wall. The height of the sound source and 
the measurement position, and the distances from the screen were constant, 
1.2 m (Figure 17). This test arrangement was chosen to enable the measure-
ments of IL according to ISO 10053. The number of test configurations was 50.  

 

  

Figure 17. Test room in the laboratory experiments on speech privacy between two adjacent 
workstations (Publication VI). Screen height was 1.3 m in this configuration.  

The experiments showed the maximum achievable attenuation for the A-
weighted SPL of speech between adjacent workstations. The investigated 
screen heights were 130, 168 and 210 cm. The reduction for the A-weighted 
SPL of speech was at most 15 dB, when comparing the best combination of 
absorbers and screen height to the configuration without absorbers and 
screen. 

The experiments also studied the effect of masking sound level on speech 
privacy between the adjacent workstations. The studied A-weighted masking 
sound levels were 35, 42 and 48 dB. Speech privacy was determined using the 
RASTI –measurements. The conclusions regarding speech privacy were in 



Results of this work 

45 

agreement with previous studies [e.g. 41], though the masking sound levels 
were different, and the workstation setup considerably different to the cubicle 
workstation mock-up of the previous studies.  

The IL for the screens of the three different heights of 130 cm, 168 cm and 
210 cm were measured in three different acoustic conditions. Because the 
workstations were furnished, the measurements were not in exact accordance 
with ISO 10053, which requires free field conditions above a reflecting plane. 
The IL results provided comparable information regarding the effects of dif-
ferent screen materials and screen heights on the sound attenuation between 
adjacent workstations, but the results in octave bands were complicated. Con-
trary to expectations, IL did not consistently increase with frequency, due to 
interference effects. Wang and Bradley observed a similar phenomenon in 
their study [42]. However, as the ceiling and walls are not perfectly sound-
absorbing in open-plan offices, IL measured according to ISO 10053 is not a 
useful parameter in the practical design of open-plan offices. Besides, the spa-
tial decay of speech in open-plan offices cannot be determined using IL that 
has been measured in a laboratory. 

These experiments, together with observations in open-plan offices (Publica-
tion III) raised questions as to the effect of screens and wall absorbers on the 
horizontal sound field and spatial attenuation of speech. They initiated new 
research in open-plan offices (Publication IV) and the following series of la-
boratory experiments (Publication VII). 

4.4.2 Experiments in an open-plan office laboratory 

The previous laboratory experiments [VI,41] only focused on two adjacent 
workstations in a test room without sound reflections from surrounding walls. 
Therefore, they did not study the effect of wall absorption on the SPL of speech 
or speech privacy. This laboratory study (Publication VII) investigated the ef-
fect of ceiling absorption, wall absorption, screen absorption, and screen 
height on the A-weighted SPL of speech. This was also the first systematic la-
boratory study to make measurements in accordance with Publication IV and 
ISO 3382-3, that is, the effects were measured in workstations both near to 
and far from the speaker, and not only in the adjacent workstation (Figure 18). 
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Figure 18. View of open-plan office laboratory (Publication VII). Screen height was 1.7 m in this 
configuration.  

The number of test configurations was 84 of which 16 were extreme configu-
rations. The height of the sound source and the measurement positions was 1.2 
m. The distances between the sound source and the measurement positions 
were the same in all the experiments. The results showed the effect of ceiling 
absorption, wall absorption, screen absorption, and screen height on single-
number quantities Lp,A,S,4m and D2,S. The reduction of Lp,A,S,4m was at most 14 
dB, when comparing the best combination of absorbers and screen height to 
the configuration without absorbers and screens. Similarly, the maximum in-
crease of D2,S was 7 dB. Considering the adjacent workstations, the effects of 
the room acoustic changes were significantly smaller than those in Publication 
VI. The results confirmed that, in practice, the best sound attenuation effect 
from screens and absorbers is achieved when they are used together.  

The effect of masking sound level on STI and rD was also studied. The A-
weighted masking sound levels were 33 and 43 dB, respectively. The results 
showed that it is very difficult to achieve low STI in the adjacent workstation 
without a reasonably high masking sound level. Otherwise, speech level should 
be kept very low. Masking sound can be used to improve speech privacy when 
other acoustic requirements are taken care of, but actual speech privacy be-
tween the adjacent workstations is not achievable without sacrificing openness 
with high screens, or space efficiency with a large distance between the work-
stations.  
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5. Discussion 

The contribution of this thesis is discussed in five parts: First, the new meas-
urement methods and the new single-number quantities, with a few comments 
on the limitations. Second, the new simple prediction models and their appli-
cations are briefly presented. Third, the results of the room acoustic laboratory 
experiments are discussed. Fourth, the practical importance of the new meth-
ods is considered. Fifth, suggestions are made for future research. 

5.1 Measurement methods for open-plan offices 

The new measurement method was developed for the determination of the 
spatial decay of speech. This represents the most distracting situation, in 
which a single person is speaking and the others are silent. The situation may 
be less distracting when many people are speaking simultaneously and pro-
ducing a “masking babble sound” [145]. However, a recent laboratory experi-
ment showed that stationary babble sound with intelligible emerging voice 
excerpts, STI>0.25, decreased work performance and increased mental work-
load [146]. 

It is possible to estimate the effect of “masking babble sound” on STI. How-
ever, to determine STI accurately, it is necessary to measure the SPL of the 
masking babble sound in the workstations. Because STI is sensitive to varia-
tions in masking sound level, it is recommendable to use average SPL in the 
calculations, to avoid illogical changes in STI. 

Two single-number quantities: D2,S, and Lp,A,S,4m, which are independent to 
the masking sound level, describe the spatial attenuation of the speech. The 
third single-number quantity: rD, represents the smallest acceptable distance 
between the workstations for tasks that can be disturbed by speech from other 
workstations. The distraction distance is affected by the masking sound level 
and spectrum; this thus also indicates the effectiveness of masking sound. The 
distraction distance can be converted to distraction area (m2), an idea which 
was introduced already in the 1970s [147]. The distraction area can be assimi-
lated to the workstation area, which is often used in estimating the cost-
efficiency of the workspace. 

The new single-number quantities can more logically indicate the effect of 
different room acoustic changes on the sound level of speech than measure-
ments of the temporal decay of sound level, for example, TE, T10, or T20. An 
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example is presented in Figure 19. The reverberation times measured in open-
plan offices (Publications IV and V) have very little correlation with measured 
D2,S. On the other hand, a correlation was found between the T20 and D2,S 
measured in the laboratory (Publication VII). The most probable reason for 
this is the rather small size (214 m3) and the almost square shape of the labora-
tory test room.  

The new measurement method is more explicit than that in ISO 14257. The 
effect of furniture and screens is included, because the measurements are 
made in the workstations of a furnished open-plan office. It should be empha-
sized that furniture has a significant effect on the spatial decay of sound. 
Measurements in unfurnished offices or in obstacle-free passageways yield 
results that do not truly correspond to room acoustic conditions in the work-
stations of an open-plan office.  
 

 

Figure 19. Correlation between T20 and D2,S measured in open-plan offices (Publications IV and 
V) and in laboratory (Publication VII).  

The new single-number quantities Lp,A,S,4m and D2,S are easier to comprehend 
than reverberation time, T20, or the excess of sound pressure level in the room 
compared to a free field, DLf. Lp,A,S,4m is simply the A-weighted SPL of normal 
effort speech at a distance of 4 m from the speaker in the open-plan office. 
This is intuitively comprehendible, contrary to DLf, which is a rather abstract 
parameter and has no relevance in furnished open-plan offices. The spatial 
decay rate of A-weighted speech, D2,S, is computationally similar to DL2, but 
the spectrum of normal speech and A-weighting are used. The decrease in the 
A-weighted SPL of speech per distance doubling is easier to understand than 
different values of DL2 for octave bands 125–8000 Hz.  

The RASTI –measurements were used to estimate speech privacy (Publica-
tions III and VI), but later more detailed STI –measurements were used (Pub-
lications IV and VII). This was due to developments in measurement equip-
ment during the research period. In the first laboratory study (Publication VI), 
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the RASTI –results were expected to represent STI accurately, because the 
acoustic conditions in the test room were such that this simplification should 
not cause significant differences. Larger differences between STI and RASTI 
were expected in the measurements of real offices, but it was reasonable to 
assume that the RASTI –results logically revealed the differences between the 
room acoustic conditions in the workstations of different offices. 

There were some differences between the methods and equipment in the 
presented studies (Publications III, IV, VI and VII). First, the sound source in 
the RASTI –measurements was more directional than that in the later STI –
measurements, in which it was omnidirectional. In most offices, the direction 
of speech cannot be assumed to be constant, and thus the use of an omnidirec-
tional sound source in the measurements is justified. Second, the sound power 
levels of speech in the octave bands were slightly different between the studies, 
but they did not differ within the individual studies. Despite this, the conclu-
sions of the studies were in agreement with each other, as well as with earlier 
studies [e.g. 8,39–41]. Third, RASTI used only two octave bands and nine 
modulation frequencies, while STI used seven octave bands and 14 modulation 
frequencies in the calculation. As before, the measurement methods were not 
changed within the studies, so that the results plausibly indicated the effect of 
room acoustic conditions. The effect of different room acoustic changes on the 
spatial decay of speech and STI was thus clearly shown in all the individual 
studies (Publications III, IV, VI and VII). 

5.2 Simple prediction models for open-plan offices 

The simple model for two adjacent workstations (Publication III) had the same 
limitations and drawbacks as the earlier models [e.g. 8,39,40,42-45]. The 
model focused on two adjacent workstations, only the first reflections were 
considered, and the model did not provide information on the spatial decay of 
the speech sound level. The new ideas in this model were the use of STI/RASTI 
instead of SII/AI and the introduction of RT and reverberant speech into the 
calculations. These ideas also introduced new problems, because estimating 
RT correctly in the workstations of open-plan offices is difficult. The sound 
field in open-plan offices is usually not diffuse, and the surrounding furniture 
affects the sound field locally. Therefore, the results of the RT predictions 
could be significantly different to the measured T20. 

The model for two adjacent workstations (Publication III) was later replaced 
by more versatile models (Publication V) for determining the single-number 
quantities D2,S and Lp,A,S,4m. These quantities can be used to predict the spatial 
decay of the A-weighted SPL of speech rather accurately. The predicted results 
can be compared directly to the measurement results and target values of D2,S 
and Lp,A,S,4m. 

In the simple prediction models for D2,S and Lp,A,S,4m, the only difficult pa-
rameters to determine are the absorption coefficients. The absorption coeffi-
cient of the ceiling is rather easy to determine and has the greatest effect on 
the single-number quantities. Absorption coefficients for the floor, walls and 
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screens are more difficult to estimate, but these variables do not have such a 
great effect on the single-number quantities if ceiling sound absorption is high. 
Nevertheless, the number of absorption coefficients to be estimated in the 
simple models is remarkably smaller than that of those in complex room 
acoustic models, where they have to be determined for all the surfaces. 

While Moreland [39] used octave-band absorption coefficients of certain ex-
ample materials in the predictions of AI, Wang and Bradley [45] used averaged 
third-octave band absorption coefficients of typical example materials in the 
predictions of SII. The ceiling absorption coefficients were also adjusted using 
empirical correction factors. In Publication V, the use of weighted absorption 
coefficients according to ISO 11654 was suggested for the predictions of A-
weighted SPL, because these are available for several materials. 

One limitation of the new simple models is that the single-number quantities 
were not predicted very accurately in the high open-plan offices (over 3.5 m), 
because measured data from high open-plan offices were not available when 
the models were developed. Another limitation is that the model cannot pre-
dict the effect of layout changes, except for the change in distance between 
workstations. Since the models are based on measured data of typical open-
plan offices, they may not accurately predict the single-number quantities in 
rooms that have a significantly different shape or very unusual furnishing. 

The simplicity of the model in itself is also a limitation, because the predic-
tions are only made for the A-weighted SPL of speech, and not in octave bands. 
In Publication V, the values for octave bands 125–8000 Hz were determined 
on the assumption that the shape of the spectrum for speech and masking 
sound level was constant. This decreased the accuracy of predicted STI. It is 
very likely that the effect of sound absorption on the SPL of speech in the 
workstations should be considered in more detail in the octave bands. Howev-
er, this means that the prediction model would not be as simple as it is now.  

The effect of sound absorption on the TE in the workstations can also play a 
significant role in the determination of STI, especially if the A-weighted mask-
ing sound level is below 40 dB (Figure 8, LSN = 10–15 dB). If the A-weighted 
masking sound level is over 42 dB (Figure 8, LSN < 10 dB), the effect of TE on 
STI is less significant, and the level and spectrum of masking sound becomes 
more important. Therefore, the accuracy of predicting STI using the simple 
model can be assumed to be acceptable when the masking sound levels are 
adequate, i.e. over 40 dB. 

In some situations, the examination of STI or SII between workstations 
could provide necessary additional information on speech privacy. In special 
cases, the use of a detailed room acoustic model that can take diffraction into 
account [e.g. 99,148] may be possible, but complex room acoustic models are 
not very practical for the on-site design of open-plan offices. For example, the 
creation of a geometric room acoustic model requires a great deal of details. 
Collecting all the necessary information and creating the room acoustic model 
of an open-plan office can easily take too much time to be affordable in practi-
cal design. 
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5.3 Room acoustic laboratory experiments 

Bradley and Wang [41] studied the effect of room acoustic changes on sound 
attenuation using full scale mock-ups of cubicle workstation pairs in a test 
room with sound-absorbing walls. The first series of laboratory experiments 
(Publication VI) used an even simpler setup; two workstations were separated 
by a screen that extended from wall to wall. This enabled the measurement of 
IL according to ISO 10053. Retrospectively, this was not an ideal arrangement, 
since IL measurements do not provide reliable results regarding the in situ 
sound attenuation of a screen [149] and the setup did not represent a real of-
fice workstation arrangement. Despite the significant differences between the 
studies, the results of these laboratory experiments indicated that RASTI de-
pended on screen height and ceiling absorption in a similar way to SII in the 
earlier study [43], but the observed changes in RASTI were smaller than the 
changes in SII. The measured IL –values were also in agreement with the re-
sults of the earlier study [42]. The results were presented in octave bands 63–
8000 Hz in Publication VI, whereas in the earlier study they were in the third-
octave bands 100–5000 Hz. 

The second series of laboratory experiments (Publication VII) is unique. The 
measurement methods were recently developed (Publication IV), all the 
changes in the office were constructed using commercially available products, 
and the workstation layout resembled a typical open-plan office more accu-
rately than the arrangements in the previous studies [e.g. VI,37,38,41]. Indeed, 
West and Parkin [38] conducted studies of the spatial decay of sound using a 
continuously traversing microphone system in a landscaped office. They pre-
sented detailed curves of spatial sound decay in octave bands 250–2000 Hz. 
Although the results were illustrative, the measurement arrangement is too 
cumbersome to be practical in present-day room acoustic measurements of 
open-plan offices. In conclusion, the above-mentioned studies led to the same 
conclusions on the sound absorption of ceilings and screen height. 

5.4 Practical importance 

The new measurement method (Publication IV) enabled the classification of 
open-plan offices using simple single-number parameters. Room acoustics 
were measured using basic equipment that is easily available. The new meas-
urement method has received a great deal of attention internationally and sev-
eral researchers have already used it in their studies [75,96–99,150–156]. The 
method is increasingly used by acoustics specialists and researchers in open-
plan offices in different countries. Development and verification of the method 
has taken a long time, but the measurement method is now published in the 
ISO 3382-3 standard [142]. Various authors [e.g. 96,99,156] have concluded 
that the new method is easy to use and that the combination of the single-
number quantities is suitable for the evaluation of acoustic conditions in open-
plan offices. The single-number quantities must be used together in the evalu-
ations, otherwise high masking sound level and high reverberation time, for 
example, could lead to small distraction distance, but such acoustic conditions 



Discussion 

52 

would not be acceptable. Conversations would become difficult and the sound 
environment would be more stressful.  

The new standard has also been criticized for not explicitly declaring the 
measurement positions and sound source locations [157]. The authors also 
suspected that the spatial decay results were affected by workstation features 
such as computer displays and document holders. In addition, the authors 
were concerned about the measurement of background noise level in call cen-
ters in particular, where most of the time people speak simultaneously. 

Target values for the single-number quantities were proposed in Publication 
IV. An acoustic classification based on the single-number quantities was sug-
gested. Classification and the target values are used voluntarily in the acoustic 
design of open-plan offices, at least in Finland [e.g. 144]. French standard S31-
080 [158] uses DL2 determined for A-weighted SPL according to ISO 14257 as 
one of the parameters to estimate the acoustic performance of large open offic-
es (volume over 300 m3). DL2 –requirements are at least 2, 3 or 4 dB for 
standard, efficient and high performance, respectively. 

Target values for speech privacy in earlier studies [e.g. 8,39,40,159–161] 
were presented only for adjacent workstations using AI or SII. The new meth-
od includes the determination of STI in the nearest workstation as well, so that 
the results can be compared to earlier results and target values, although 
speech privacy is described using STI instead of SII. 

The simple prediction models (Publication V) enabled the prediction of the 
A-weighted SPL of speech propagating from one workstation to other work-
stations in an open-plan office. The models are highly useful for the practical 
design of open-plan offices, because the prediction results are directly compa-
rable to the new target values. The models for two adjacent workstations [e.g. 
III,8,39,40,42–45] cannot produce relevant results in respect to the new target 
values.  

Recent case studies [e.g. 47,96,99] have shown examples of how to use com-
plex room acoustic models to predict the single-number quantities in open-
plan offices. However, the procedure in Publication V for predicting STI along 
the measurement line and for determining the distraction distance (Figure 16) 
is easier and faster than using a complex room acoustic model for predicting 
STI in all the workstations along the measurement line and for determining 
the distraction distance using the predicted STI –values.  

The room acoustic parameters that affect the spatial decay of speech in open-
plan offices were studied in detail in the laboratory experiments of Publica-
tions VI and VII. These experiments confirmed many of the observations made 
during the measurements in real open-plan offices (Publications III and IV). 
The observations regarding the sound absorption of the ceiling, floor and 
screens, screen height, room height, and masking sound level were in agree-
ment with earlier studies [e.g. 37–41]. New observations regarding the low 
amount of sound absorption in the office room, sound propagation to work-
stations both near to and far from the speaker, and new single-number quanti-
ties were presented in PublicationVII. The most important observation was 
that room acoustic conditions can be improved in open-plan offices by using 
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screens and sound absorption materials on horizontal and vertical surfaces 
simultaneously, and by ensuring that the masking sound level is not too low. 

5.5 Future research 

Since the measurement method has been used by many researchers and prac-
titioners for some time now, it could be reasonable to arrange a round-robin 
test to objectively estimate the accuracy of the measurement results and gain 
feedback on the method. This would require several participants from differ-
ent organizations and a few suitable open-plan offices where the participants 
could take the measurements individually in repeatable conditions. However, 
it is likely that, this approach is too impractical. An easier way to determine 
the uncertainty of the measurement results could be for the same specialist to 
repeat them in an individual open-plan office using the same equipment. This 
would require at least five measurements in each office, but would be simple 
enough to organize.  

Previous round-robin tests for complex room acoustic models have studied 
prediction accuracy in an auditorium, a multi-purpose hall, and a recording 
studio [134–136], but not in open-plan offices. Such tests would provide useful 
information on the applicability of complex room acoustic models for the room 
acoustic design of open-plan offices. It would be interesting, because in open-
plan offices, the furniture and screens affect the spatial decay of SPL in a way 
that has been difficult to predict accurately when using, for example, models 
based on geometrical room acoustics. Determination of sound absorption coef-
ficients for the surfaces can also be challenging, because the surface materials 
in open-plan offices can vary greatly. On the other hand, Vorländer [113], for 
example, suggested that more research on the uncertainties of input data for 
complex room acoustic models is needed, because the exactness of the input 
data is crucial for the reliability of predicted results.  

Tjellesen recently discussed an acoustic consultant’s view on the challenges 
of using room acoustic computer models [162]. She stated that room acoustic 
computer models are useful tools with great potential for presenting results to 
the clients, but that several possible pitfalls could lead to unreliable results. 
The first major issue is the level of details in the geometry of the model. The 
second is the determination of absorption and scattering coefficients. The 
third is the calibration of the computer model using measurement results. It 
seems that more research is needed to obtain reliable results from room acous-
tic computer models. Currently, complex room acoustic models can be used 
only as a supporting tool by an experienced acoustic consultant. 

The measurement data of the last laboratory experiments has not yet been 
analyzed thoroughly. When the results are ready, it will be possible to, for ex-
ample, independently investigate the effect of wall absorption and screen ab-
sorption on the single-number quantities and STI. The combined effect of 
sound absorption and screens has been measured in various configurations, 
and they will be examined in detail in the near future. 
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Previous laboratory experiments have used only one workstation layout. 
Bradley and Wang [41] used four different furniture arrangements in a mock-
up of two cubicle workstations. Only one pair of workstations was used in Pub-
lication VI and the same arrangement of 12 workstations was used in all the 
test configurations of Publication VII. It would be interesting to study different 
workstation arrangements to determine, for example, the effect of the ar-
rangement of screens between and around the workstations. Another interest-
ing topic could be the effect of the distance between workstations on speech 
levels and STI. 

Veitch et al. [73] studied the effect of different masking sound conditions on 
acoustic satisfaction and subjective speech privacy. Venetjoki et al. [27] stud-
ied the effect of different masking sound conditions on speech intelligibility 
and task performance. Haka et al. [20] researched the effect of irrelevant 
speech on task performance and subjective disturbance under three different 
types of masking sound conditions. Haapakangas et al. [23] studied the effects 
of five different masking sounds on task performance and acoustic satisfaction 
in a small office laboratory. Recently, Haapakangas et al. [25] studied the ef-
fect of unattended speech on the task performance and subjectively perceived 
acoustic environment in a room with four different acoustic conditions. The 
above-mentioned studies have provided evidence on the effect of different 
masking sounds on task performance, but more experimental studies are 
needed to research the effect of different masking sound features, for example, 
masking sound level, spectrum, sound source, temporal variability, technology 
and implementation, on speech distraction and acoustic comfort.  

A recent laboratory experiment studied the use of parametric speaker array 
for producing band-limited pink noise as a masking sound [163]. Different 
presentation angles of masking sound were investigated. The results suggested 
that speech privacy could be achieved in limited areas by using highly direc-
tional masking sound above the workstations. Yet, it continues to be difficult 
to achieve acceptable speech privacy in many open-plan offices, because the 
balance between the distractive speech sound level and the acceptable masking 
sound level is so delicate. 

More research is also needed to investigate how the room acoustic single-
number quantities explain the perception of speech privacy in open-plan offic-
es. Possible research methods could be field surveys or subjective laboratory 
experiments. 
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6. Conclusions 

This thesis presents, in Publication IV, a new measurement method to charac-
terize the acoustic conditions of open-plan offices. The method has been pub-
lished in the ISO 3382-3 standard [142]. Three single-number quantities for 
open-plan offices are defined. They are used instead of reverberation time in 
room acoustic measurements and in the design of open-plan offices.  

The target values for the single-number quantities are suggested in Publica-
tion IV. These values have been included in Finnish room acoustic guidelines 
for open-plan offices [144] and in ISO 3382-3, Annex A [142]. Target values 
and acoustic classifications are used voluntarily in Finland. 

The simple prediction models for single-number quantities are presented in 
Publication V. The models enable a practical, cost-effective, and reasonably 
accurate way to design room acoustics in open-plan offices. The prediction 
results can be compared directly to the target values, and recommendations 
for room acoustic improvements can be consulted without delay.  

Publications VI and VII present the laboratory experiments. They provide 
measured evidence on the effects that typical room acoustic changes have on 
the SPL of speech and on STI in workstations in open-plan offices. The effects 
of ceiling absorption, wall absorption, screen absorption, screen height and 
masking sound level have been studied exhaustively. The results emphasize 
the importance of an all-inclusive design of room acoustics in open-plan offic-
es. 

After a decade of research, there is now evidence that acoustic conditions 
and the sound environment can be improved in open-plan offices with proper 
room acoustic design and through the use of masking sound. In the same way, 
acceptable speech privacy could be achieved with simultaneous control of ab-
sorption, isolation and masking sound. This knowledge regarding beneficial 
room acoustic improvements should be disseminated to designers, architects 
and managers, in order to provide better environments in which to work. 
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