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a b s t r a c t

Installing open ceiling meeting rooms inside a large open-plan office provides a solution to increase
speech privacy and to reduce speech disturbance in the office. The open ceiling meeting rooms have
advantages of low cost construction and flexibility, but have lower speech privacy than that of enclosed
rooms due to the open ceiling. Existing research shows that many factors should be taken into account to
achieve good speech privacy in open-plan offices and improving only one of these factors may result in
little improvement, so it is important to distinguish contributions of different acoustic transmission paths
of open ceiling meeting rooms in open-plan offices. This paper proposes an impulse response separation
method to quantify contributions of various acoustic paths of open ceiling rooms on speech privacy in
open-plan offices. The method is verified with simulations based on the Odeon software and the exper-
iments carried out in 3 different types of rooms. Finally, the proposed method is applied to the Fabpod, a
semi enclosed meeting room located in a large indoor office at the Design Research Institute of the RMIT
University, to obtain the contributions of different acoustic transmission paths to its speech privacy. The
method proposed in this paper and the knowledge obtained are useful for architects to improve the
acoustic performance of the next generation Fabpods which are now under design at RMIT University.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Since late 1960s, open-plan offices have been popular among
design professionals [1]. Large open-plan offices have advantages
of low cost construction and flexibility, but sometimes they lack
speech privacy and result in speech disturbance when people are
talking. Installing small closed meeting rooms inside open-plan
offices provides a solution to the problem; however, the ceiling
increases the cost of the meeting rooms due to the requirements
of fire safety regulations and extra ventilation and lighting
systems. Keeping the ceiling open or removing the ceiling of meet-
ing rooms is an option; but the challenge is the low speech privacy
due to sound propagating out through the open ceiling. There are
several acoustic transmission paths through which sound radiates
out from open ceiling meeting rooms into open-plan offices, and
their relative contributions to speech privacy will be analyzed in
this paper.

Speech privacy is related to the speech to noise ratio and repre-
sents the opposite of Speech Intelligibility (SI) to some extent [2].

In North America, Articulation Index (AI) and the Speech Intelligi-
bility Index (SII) are widely used to represent the speech privacy
while the Speech Transmission Index (STI) is used in Europe to
represent speech privacy in open-plan offices [3]. STI is a physical
quantity representing the transmission quality of speech with
respect to intelligibility, and this paper uses it to evaluate the
speech privacy of open ceiling meeting rooms in open-plan offices
[4].

The relationship between room acoustic parameters and speech
privacy of open-plan offices has been investigated by some
researchers [5–7]. An international measurement standard was
published in 2012, which uses single number quantities to indicate
the general acoustic performance of open-plan offices [5]. The
converted four single number quantities are the distraction
distance, the spatial decay rate of speech, the A-weighted Sound
Pressure Level (SPL) of speech at 4-m-distance and the average
A-weighted background noise level, and can be determined by
the spatial curves of A-weighted SPL of speech and STI in the office
[6]. On the other hand, these single number quantities can be
estimated by physical and acoustic parameters of rooms, which
include the length, width, height of the room, the ceiling absorp-
tion, the screen height and apparent furnishing absorption [7].
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To achieve good speech privacy performance, many room
acoustic parameters should be considered at the same time and
improving only one of these factors may result in little improve-
ment if it is not the most critical one [3]. To identify the most crit-
ical factor, it is necessary to explore the influence of each
parameter separately. Acoustical elements that can affect the
acoustical environment in open-plan offices, such as windows,
walls, ceilings and partial height screens, have been investigated
experimentally [8]. But these experimental case studies lack quan-
titative analysis, which makes it hard to consider all important fac-
tors at the same time and compare the influence of different room
acoustic parameters. An alternative way is to develop analytical
models. A simple model of a single screen in an open-plan office
with ceiling and floor reflections has been developed by using
the image source technique [9]. A more complicated model took
the effects of side and back panels of the common separating
screen into account, and was used to investigate the sound propa-
gation between two adjacent rectangular workstations in an open-
plan office [10]. Some models even considered wall reflections and
reverberation [11].

There are many acoustic transmission paths for open ceiling
meeting rooms to radiate sound out into open-plan offices. The
paths of reflecting from the ceiling and diffracting over the panel
are relatively important while transmitting through the panel,
reverberating in the room and reflecting by office equipment can-
not be ignored either [11]. Based on the analytical models, the ceil-
ing sound absorption, the panel height of the open-plan office and
the office size were found to be the most important factors, while
panel absorption, panel transmission loss, floor absorption, ceiling
height and the details of ceiling mounted lighting could not be
ignored though less important [2]. By optimizing all these room
acoustic parameters simultaneously, good acoustic design can be
obtained to meet the criterion for acceptable speech privacy.

The acoustic impulse responses of a room can provide most
important acoustic information of the room [12]. For example,
some important room acoustic parameters like reverberation time
can be estimated from the room impulse responses [13]. Commer-
cial room acoustic software such as Odeon and Dirac can be used to
obtain a variety of parameters from the impulse responses [14,15].
Bradley used the impulse responses to describe energy diffracted
by the panels and reflected by the ceiling to compare their influ-
ence on speech privacy in actual rooms [3]. But these studies are
limited to qualitative analysis and hardly provide direct solutions
to acoustic design of open ceiling meeting rooms in open-plan
offices.

This paper extends the existing research to quantitative analysis
of room impulse responses in different frequency bands. An
impulse response separation method is proposed, and it is verified
with simulations based on the Odeon software and the experi-
ments carried out in 3 different types of rooms. Finally, the pro-
posed method is applied to the Fabpod, a semi enclosed meeting
room located in a large indoor office at the Design Research Insti-
tute of the RMIT University, to obtain the relative contributions of
different acoustic transmission paths to its speech privacy. This
method and knowledge obtained can be used by architects to
improve the acoustics performance of the next generation Fabpods
which are now under design at RMIT University.

2. The method

Open ceiling rooms in large offices can be treated as worksta-
tions in the acoustic design in open-plan offices. The layout and
arrangement of the workstations are important in open-plan office
design, while other factors cannot be ignored as well, such as
sound absorption, height of screens, degree of workstation

enclosure, and room dimensions [5]. The speech signal received
in a closed room is the superposition of direct sound and reverber-
ant sound. Reflections arrived within 50 ms after the direct sound
are defined as early reflections, which are considered as useful for
speech communication while those arrived later are defined as
later reflections and are considered as harmful [11]. Thus, the con-
tributions of direct sound and early reflections are considered first.

For positions outside an open ceiling meeting room in a large
office, sound transmitting through panels is usually negligible
compared with that transmitting through other paths because
the transmission loss of the panels is usually more than 20 dB.
Sound diffracting over the panels usually dominates the sound
field outside the meeting room; however, if the absorption of ceil-
ing is not large, sound reflecting from the ceiling might also
become important. Sometimes, sound reflecting from the ground
also plays an important role. Several acoustic transmission paths
are shown in Fig. 1. Other paths such as reflecting from the ground
or other walls inside the meeting room and then diffracting over
the panel are less important, so they are not illustrated in the
figure.

2.1. The theoretical method

The sound pressure level of sound transmitting through the
direct path (without panel blocking) depends on the sound power
of the sound source and the distance between the source and recei-
ver [11]

Lp;d ¼ LW � 10log10ð4pd2Þ; ð1Þ
where Lw is the sound power level of the sound source and d is the
distance between the source and receiver. The sound diffracting
over the panel can be obtained with the MacDonald solution
[16,17].

Lp;diff ¼ Lp;d � IL; ð2Þ
where the insertion loss IL can be calculated with

IL ¼ 20log10
eiðkRþp=4Þ
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where a and / are the angle coordinates of source and receiver in
cylindrical coordinates, k is the wave number, R and R0 are the dis-
tance from the receiver to the source and mirror-image of the
source, R1 is the shortest distance from the source to the receiver
over the panel, sgn is the signum function and Fr is the Fresnel
integral

Fig. 1. Typical acoustic paths for sound transmitting from inside to outside a
meeting room, where Path 1 is that transmitting through the panel, Path 2 is that
diffracting over the panel, Path 3 is that reflecting from the ceiling, and Path 4 is
that reflecting from the ceiling and ground.
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