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BALTIC-NORDIC ACOUSTICS MEETING 2024

WELCOME TO ESPOO

On behalf of the organizing committee for BNAM2024, | would like to
welcome you all to Hanasaari, Espoo.

We have attempted to change the concept of the Baltic-Nordic Acoustics
Meeting a bit compared to previous conferences. Traditionally, BNAM gathers
many acoustics consultants and practitioners, so we have organized
numerous workshop with practical, hands on session for different topics which
we think will be interesting. Naturally, we also have a scientific program with
interesting papers, covering nearly all areas of acoustics.

We are all looking forward to seeing you at the conference and hope that we
will have three fruitful days of presentations, workshop, tradeshow and of
course perhaps most important, meeting colleagues, discussion and
networking.

On behalf of the organizing committee

Henrik Moller
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Acoustic regulations and quality classes
Experience from >35 years of collaboration in the Nordic countries.

Steindor Gudmundsson
Verkis Consulting Engineers, Ofanleiti 2, IS-103, Iceland, stgu@verkis.is

In the sixties the Nordic countries started their collaboration for common requirements on sound insulation.
And in the seventies the national Nordic building regulations regarding acoustics became almost identical.
In the nineties the first Nordic national standards for sound classification of dwellings were drafted and a
common Nordic classification standard was proposed, but not accepted. Now the Nordic countries have
similar, but not identical classification standards and similar but not identical requirements regarding
acoustics in their building regulations.

1 Introduction

In 2014 Jens Holger Rindel presented the paper The history of the Nordic Acoustic Association in the NAA 60 Years
Anniversary book [1]. Information here about the early years of Nordic collaboration in acoustics stems partly from this
paper. Already in the year 1960 the first proposal for common Nordic requirements on sound insulation was presented by
NKB (The Nordic Committee on Building Regulations).

In 1973 a NKB acoustic working group was established, and in 1974 the group delivered recommendations that were
adopted in the national Nordic building regulations, and in 1978 NKB presented the report: “Guidelines for building
regulations concerning sound precautions" [2]. These guidelines were e.g. used when a new Icelandic building code was
published in 1979, with acoustic demands included in the building code for the first time. At that point in time, all the
Nordic building codes were almost identical regarding acoustics.

2 Development in the 80’s and in the 90’s

In the late 80’s and the early 90’s there was increasing awareness of the problem of insufficient insulation between
dwellings. The acoustic demands in the Nordic countries had changed slightly in each country from the common values
of 1978. It had also been pointed out that some European countries had somewhat stricter regulations than the Nordic
countries. As a result, an acoustic working group was established again within NKB in 1993 with the task to suggest new
harmonised sound insulation demands for residential buildings.

The NKB working group concluded that all residential buildings should have the same sound insulation demands, which
would mean somewhat stricter demands than before for dwellings in apartments buildings. The first task of the group was
to make a consequence analysis in each of the five Nordic countries to estimate how much the current building tradition
would have to change to fulfil these proposed new demands, and how much it would cost.

The results were published in [3], “Lydbestemmelser i de nordiske lande. NKB Report 1994:01,1994”, and the main
conclusion was the following: It is the conclusion of the working group that the recommended demands will stimulate
the building industry to develop new and better building systems which typically will fulfil the slightly stricter demands
without any extra costs.

It was also concluded to present a draft proposal for sound classification of dwellings with three quality classes, A, B and
C, with C the minimum class in building regulations, and classes B and A noticeably better. The demands of the C-class
would correspond to the proposed new and slightly stricter demands of new building regulations. It was also decided to
propose that the dB-steps between the different quality classes A, B and C would be 5 dB.
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In 1996 this draft proposal was sent to a new working group in INSTA (inter-Nordic standards common to all five Nordic
countries). However, the proposed INSTA standard for sound classification was not accepted as a Nordic standard.
Sweden had already introduced a Swedish standard for sound classification, and they were not prepared to change their
new standard. So instead, the INSTA proposal has been used as a model for the national sound classification standards in
the other Nordic countries.

3  Later development

Soon after 2000 the Nordic countries published different national classification standards. They have since developed and
although they are similar in many ways, they are not identical. The latest updates of these standards are the following: see
references [4], [5], [6], [7], [8] and [9].

[4] IST 45:2016 Sound Classification of various types of buildings (in Icelandic). The standard is not only for
dwellings, but many different types of buildings. Sound classes A, B, C and (D)

[5] NS 8175:2019 Lydforhold i bygninger. Lydklasser for ulike bygningstyper (in Norwegian) The standard is not only
for dwellings, but many different types of buildings. Sound classes A, B, C and (D)

[6] DS 490:2019 Lydklassifikation af boliger (in Danish). The standard is in principle intended for dwellings, but it is
also used for hotels, student accommodations, nursing homes, residential institutions and similar. Sound classes A,
B,C,D,Eand F

[7] SS 25267:2024 Acoustics - Sound classification of spaces in buildings — Dwellings (in Swedish). Sound classes A,
B,Cand D

[8] SS 25268:2023 Building acoustics — Sound requirements for spaces in buildings — Healthcare premises, rooms for
education, preschools and leisure-time centres, rooms for office work, hotels and restaurants (in Swedish) Sound
classes A, B, C and D

[9] SFS 5907:2022, Acoustical Design and Quality Classes of Buildings. (In Finnish). The standard is not only for
dwellings, but also for hotels and lodgings, facilities for the elderly, office buildings, schools, educational
establishments, day-care centres, health care facilities and industrial workplaces. Sound classes A, B, C and D

4  European collaboration

In 2009 Birgit Rasmussen from Denmark together with Maria Machimbarrena from Spain managed to get funds for a
project within COST — European Cooperation in Science and Technology. The Project was COST TU0901 “Integrating
and Harmonizing Sound Insulation Aspects in Sustainable Housing Constructions”. The project lasted for four years
with close cooperation and discussion between experts from 29 European countries and 3 overseas countries A
summary of the work can be found in [10] COST Action TU0901: Towards a common framework in building acoustics
throughout Europe, published in 2013.

All the Nordic countries participated in this project, and one of the results was to prepare a proposal for a “European”
sound classification scheme for dwellings. The proposal has six classes: A, B. C, D, E and F with generally 4 dB steps
between the classes. The parameters or descriptors were somewhat different from those that have traditionally been
used in the Nordic countries:

Dhr,50 = Dutw + Cso-3150 Airborne sound insulation between rooms
L wr50 = L’nrw + Cr50-2500 Impact sound pressure level
Domnt,50 = Damat + Cir,50-3150 Airborne sound insulation of facades

resp. Domat,50 = Domar+ Cso.3150 ~ depending on the type of outdoor noise and as defined in EN ISO 717-1

Leg, Limax Service equipment sound pressure level
resp. LeqnT,A » Linax,FnT,A as defined in EN ISO 16032 and EN ISO 10052
T Reverberation time
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This European collaboration has continued after the COST Action TU0901, and now a draft European/international EN
ISO standard has been prepared, which to a certain degree is built on the work in the COST project: EN ISO 19488
Acoustics — Acoustic classification of dwellings. The standard proposal is called: ISO/DIS 19488(en) Acoustics —
Acoustic classification of dwellings and this document is now under preparation for its final publication.
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The measurement of reverberation time in a room was introduced by W.C. Sabine a few years before 1900
with the purpose to handle acoustic problems in a lecture theatre. The sound source was organ pipes at the
seven octave frequencies from 63 Hz to 4000 Hz. Later, the measurements were greatly improved by using
interrupted white noise emitted by a loudspeaker and a microphone connected to a level recorder that could
display the decay curve. This led to the first international standard on reverberation time measurements in
1963, intended for laboratory measurements of the sound absorption coefficient of materials. In 1975
appeared another international standard intended for reverberation time measurements, primarily in rooms
for speech and music. A revision in 1997 introduced the impulse response as a basis for room acoustic
measurements. This opened up for derivation of other room acoustic parameters than the reverberation
time, and this again led to a better understanding of how to design good rooms for music and speech. Some
types of rooms are not sufficiently characterised by the reverberation time, and for that reason a new
standard appeared in 2012 with a measurement method specifically intended for open-plan offices. Future
development of room acoustic measurements may include faster and more reliable methods, better methods
to overcome problems at low frequencies, a method to handle the influence the high-frequency problem of
varying temperature and humidity of the air, and new ways to derive three-dimensional information on the
sound reflections in a room.

1 Introduction

This paper presents a brief overview of room acoustic measurements and how the methods have developed during the
last 125 years. The emphasis is on the major milestones that mark significant improvements. During the last 60 years,
international standards on measurement methods have played an important role for promoting new and improved
methods. The list of references is made with the intention to point at the origin of the measurement methods and the room
acoustic parameters.

2 The early days of room acoustic measurements

Wallace C. Sabine (1868-1919) is known as founder of room acoustic measurements around 1900. He introduced the
concept of reverberation time, defined as the time for the sound intensity in a room to decay to 1/1.000.000 of the initial
intensity after a sound source is turned off [1]. The measurements were performed with specially constructed organ pipes
as sound sources and a chronograph (stopwatch) to measure the audible decay time. The organ pipes were of the type
gemshorn, which have a strong fundamental tone and relatively weak overtones. Sabine could calculate the reverberation
time related to 60 dB decay by a very clever method. He used four identical sets of organ pipes, and could then measure
the audible decay time using one, two, three or all four organ pipes as the sound source. This gave different results because
the initial energy was different. For example, the initial sound level is 6 dB higher with four organ pipes compared to one
organ pipe; thus, the reverberation time is ten times the difference in audible decay time for the two measurements [1].
The frequencies of the organ pipes were at seven octaves from 64 Hz to 4096 Hz, corresponding to the music tones C.
Later, more organ pipes with the tones E and G were included, so measurements could be made in approximately one-
third octave intervals. This was meant for laboratory measurements of sound absorption of materials [2].

17



1 I’Jﬂf *

AN (T

Figure 1: Conducting an absorption test in the reverberation chamber, 1919. From Kopec [2] p. 64.

In Figure 1 is seen the setup for an absorption test in the large reverberation chamber at the Riverbank laboratories. The
operator is sitting in a box in order to minimize the absorption from clothing. The rotating fan seen in the photo was used
to increase the diffusion. Paul E. Sabine continued the work with acoustic measurements after the death of Wallace C.
Sabine. He explains: “During the 1930s the stop watch and ear method was replaced by relay-controlled chronometers
(acoustic clocks) operating in conjunction with frequency oscillators, amplifiers, loudspeakers, attenuators, and
microphones” [3]. The methods using a loudspeaker emitting periodic varying tones, a microphone and oscillograph are
described in the book by Vern O. Knudsen [4, Chapter VII]. An example of a warble-tone signal and measured decay
curves are seen in Figure 2.
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Figure 2: Measurement using a warble-tone. Left: The time- and frequency function of the signal. Right: Decay curves
with a single frequency (upper part) or with the warble tone (lower part). From Schoch [5].
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Field measurements of reverberation time were also made with (portable) organ pipes and stopwatch until around 1930.
However, in 1934 measurements were made in the old Philharmonic Hall of Berlin (destroyed during the second world
war) using for the first time a symphony orchestra as the sound source [6]. The music from the very first bars of the
Beethoven Coriolanus overture was used as the sound signal. This particular music starts with some tutti cords in
fortissimo, followed by pauses long enough to evaluate the reverberation time, see Figure 3. This implies, that the
measurements could be made with the audience present. Reverberation times with and without an audience were reported
in (approximate) octave bands from 125 Hz to 2 kHz. The 4 kHz band was measured, but no results were reported due to
insufficient signal-to-noise level. Measurements with pistol shots (a start revolver) were also taken into use [6].
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Figure 3: Decay curves in 500 Hz band measured 1934 in the old Philharmonie, Berlin, using a symphony orchestra as
sound source. The music was Beethoven’s Coriolanus overture, and the hall was with full audience. From Meyer &
Jordan [6].

The registration of the decay curves was very difficult in the 1930s. For the concert hall measurements was used a
technique, where the signal from the microphone was sent through a filter and a logarithmic amplifier to a movable mirror.
A light beam was directed via the mirror towards a slowly rotating cylinder, which was covered with a phosphorescing
layer. The curve that was made by the light beam was visible for long enough time to allow redrawing on paper.

A milestone in room acoustic measurements is the level recorder with a high-speed, logarithmic potentiometer. The first
level recorder was made by Neumann around 1940, and from 1943 an improved model by Briiel & Kjar became
widespread as an unavoidable part of the acoustic measurement equipment [7].

3 First measurement standards

ISO/R 354 recommendation was the first international standard for measuring the absorption coefficient of materials in a
reverberation chamber [8]. It was published in 1963, five years after an American ASTM standard with similar contents
[9]. A loudspeaker was used to emit the sound, either a warble tone or white noise. The sound was interrupter to get the
decay. A microphone was connected to cathode ray tube or a level recorder. From this could be derived the decay rate
(dB/s) or the reverberation time. The reading was taken from the part of the decay curve between -5 dB and -35 dB (or
less) from the start of the decay curve. Measurements were made in octave bands or one-third octave bands from 100 Hz
to 4000 Hz.

4 Measurement of reverberation time in auditoria

Since the first measurement standard ISO/R 354 was made for laboratory testing of materials, it soon became clear that
there was a need for another standard directed towards field measurements, especially for auditoria. Such a standard was
published in 1975 as ISO 3382 [10]. It described measurements made with loudspeakers and interrupted noise, and it also
opened for other methods using organ pipes, blank pistol shots, or an orchestra as the sound source. The description of
source and receiver positions were adapted to typical auditoria or concert halls. The derivation of reverberation time from
the decay curve was the same as in ISO/R 354. The frequency range was one-third octave bands from 125 Hz to 4000 Hz.
If the decay curve was not close to a straight line, two reverberation times were to be reported for the early and the late
part of the decay, respectively.
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There are several remarkable matters in this standard. One is the use of one-third octave bands. While this made sense for
the measurement of absorption coefficients, it is more problematic for measurements of reverberation time in auditoria.
Among acousticians working with concert halls, it was common practice to measure in octave bands and often to look at
the average of two or three octave bands. The wider bandwidth was in order to obtain results that were not too sensible
to variations in measurement positions.

Another remarkable matter in the standard is the possibility to use a pistol shot. It had become common to measure with
pistol shots and derive the reverberation time directly from the squared impulse response, see Figure 4. However, already
in 1965, Schroeder had shown how to derive a correct decay curve by backwards integration of the squared impulse
response [12]. Without this integration, the results could be wrong, especially if the decay curve deviated much from an
exponential decay. The example in Figure 5 shows the squared impulse response and the integrated impulse response
measured in a concert hall.

The measurement method with the integrated squared impulse response is a milestone in room acoustic measurements.
While the interrupted noise signal is stochastic and has to be repeated several times, the integrated impulse response
remains the same if repeated. Schroeder had shown that the decay curve of the latter is the same as the ensemble average
of an infinite number of interrupted noise signals [12]. While the interrupted noise method has remained a common
method for laboratory measurements, the integrated impulse response has become the preferred method for field
measurements because it is time-consuming and accurate.
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Figure 4: Set-up for measurement of reverberation time with the pistol shot method. From Fig. 6.1 in Ginn [11].
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Figure 5: Measured squared impulse response (tone burst decay) and corresponding integrated impulse response (decay
curve). A one-third octave band filter centred at 167 Hz was applied. Two different reverberation times have been
derived, 7' from the upper 10 dB and 75 from the lower part of the curve. From Schroeder [12].
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S  Improved measurement methods

5.1 Integrated impulse response method

The second edition of ISO 3382 was published in 1997 with several improvements [13]. The introduction states: “The
intention is to make it possible to compare reverberation time measurements with higher certainty, and to promote the
use of and consensus in measurement of the newer measures.” The scope includes this sentence: “I¢ is not restricted to
auditoria or concert halls; it is also applicable to rooms intended for speech and music or where noise protection is a
consideration.”

The standard makes a clear distinction between two alternative methods for measuring the reverberation time: The
interrupted noise method or the integrated impulse response method. The decay directly after excitation with a pistol shot
or other impulse sources should only be used for survey purposes and is not recommend for accurate evaluation of the
reverberation time. Impulse responses can be generated with loudspeakers using signals with Maximum Length Sequence
(MLS), chirps or linear sweeps.

The measurement of impulse response opens up for the derivation of several other room acoustic parameters, and such
parameters are included in informative annexes of the standard. Most of these new parameters had been developed since
the 1950s, especially in relation to the use of scale models for acoustic design of auditoria, see Jordan chapters 4, 9, and
11 in [14]. The room acoustic parameters in this edition of the standard are listed in Table 1. The lateral energy fraction
(LF) requires a figure-of-eight microphone, and the inter-aural cross correlation (IACC) requires measurement with a
dummy head.

Table 1: Auditorium measures derived from impulse responses, ISO 3382 Annex A and B [13].

Name Symbol Unit | Description Origin

Sound strength G dB | Total sound level relative to 10 m in free field Lehmann [15]

Early decay time EDT ] Reverberation time derived from the first 10 dB | Jordan [16]

Early-to-late index Cso, Cyo dB Ratio of early to late sound energy in dB Reichard [17]
(Clarity)

Definition Dsg - Ratio of early to total sound energy Thiele [18]
(Deutlichkeit)

Centre time Ts ms | Time of gravity of the squared impulse response | Kiirer [19]
(Schwerpunktzeit)

Lateral energy LF - Ratio of early lateral energy to early total Barron [20]

fraction energy

Inter-aural cross IACC - Maximum of normalised inter-aural cross Damaske [21]

correlation correlation function

coefficient

5.2 Linear regression replaces manual estimate of decay rate

The standard of 1997 states that the measurements of reverberation time in concert halls should be made in octave bands
from 63 Hz to 4 kHz, while one-third octave bands from 100 Hz to 5 kHz can be used in other kinds of rooms. All
reverberation parameters (EDT, T»o, and T3) shall be determined from the slope of linear regression line within the
evaluation range. For reverberation time this is a clear improvement from earlier manual methods, but for early decay
time (EDT) this is more problematic as shown by Bradley [22]. For nearly 30 years, the EDT had been derived from the
two points at 0 dB and -10 dB on the decay curve, neglecting the irregularities that are often seen in the first part of the
decay curve, see Jordan [14, page 70]. While the difference between the two evaluation methods for EDT is negligible in
long distances from the source, the difference can be very significant in positions close to the source. EDT is known to
be a good measure of perceived reverberance, but the research behind this was based on the two-point EDT (before 1997).

Due to the fact that the air attenuation can influence the measurement results at frequencies above 500 Hz, the standard
requires temperature and relative humidity in the room during the measurements to be included in the test report. These
should be measured to an accuracy of + 1 °C and £ 5 %, respectively.
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5.3 Speech Transmission Index

In Annex A of the 1997 edition of the standard is mentioned in a note, that the Speech Transmission Index (STT) can also
be used to determine the speech intelligibility, but this is a special measuring technique not covered in the standard. A
simplified version of the method using only signals at 500 Hz and 2000 Hz is the Rapid Speech Transmission Index
(RASTI). Briiel & Kjar produced portable equipment for these measurements, consisting of a speech transmitter (Type
4225) and a speech receiver (Type 4419). The method is based on a series of complicated modulation transfer functions,
but the measurement result is simple and easy to understand. For many years, the RASTI measurements became quite
popular as a supplement to other room acoustic measurements. However, in the 2011 edition of the measurements standard
[23], the RASTI method was declared obsolete and was not be used. Also, the STI method has problems in relation to
room acoustic measurements, mainly because the method is not sensible to echoes [24].

5.4 Sine sweep measurements

An early example of measuring with sine sweep signals was the series of concert hall measurements from 1984 by Gade
& Rindel [25]. A linear sine sweep that covered one octave band was used and scaled in time and frequency for the six
octave bands from 125 Hz to 4 kHz, see Figure 6. The response measured in the room was converted to an impulse
response by convolution with the original sine sweep signal.

i 128 ms >

< 500Hz> 2048 |

< 100ms >

10dB

|

f

Figure 6: Sine sweep signal covering one octave, here shown for the 500 Hz octave band. Top: Signal in time domain.
Middle: Signal in frequency domain. Bottom: Impulse response after convolution. After Gade & Rindel [25].

6 Recent developments in room acoustic measurements

6.1 Performance spaces in ISO 3382-1

For reasons to be explained in the next section 6.2, it was decided that the room acoustic measurement standard should
be divided into two parts (and later three parts). Part 1 from 2009 [26] was in fact a 3™ edition of the previous ISO 3382
standard. This new edition had some minor changes, mainly in the annexes on various room acoustic parameters.
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Annex A was extended with information on JND (just noticeable difference) [27] and the late lateral energy level, a new
parameter related to the perceived listener envelopment. It is measured as the lateral energy level after 80 ms using a
calibrated figure-of-eight microphone and is based on research by Bradley & Soulodre [28].

A new Annex C was added with the parameters Early Support (STeaty) and Late Support (STrae) for the acoustic
conditions at the orchestra platform. The former is related to the musicians’ ability to kear each other, while the latter is
related to the musicians’ perceived reverberance. Both are measured in the distance of 1.0 m from the acoustic centre of
an omnidirectional sound source. These parameters are based on research by Gade [29].

6.2 Ordinary rooms in ISO 3382-2

In 2001 the technical committee on acoustics ISO/TC 43 received a New Work Item Proposal (ISO/TC 43/SC 2 N 638)
that recommend to divide ISO 3382 into two parts. Part 1 should be for performance spaces as the existing standard, while
Part 2 should deal with “the measurement of reverberation time in rooms in general. Examples are living rooms,
classrooms, workshops, stairwells, and industrial halls”. 1ISO 3382-2 [30] is supposed to be a reference standard for
building acoustic measurements and other standards where reverberation time is a part of the measurements. The part 2
of the standard deals with reverberation time, only. Both the interrupted noise method and the integrated squared impulse
response method are described. The evaluation range for derivation of the reverberation time can be 20 dB or 30 dB, with
a preference for 20 dB for various reasons, as explained in the introduction to the standard.

Concerning the number of source and receiver positions and other technical details, the part 2 of the standard distinguishes
between three levels of measurement accuracy: survey, engineering, and precision. The precision method is meant for
testing laboratories, especially for the measurement of the absorption coefficient of materials. Two annexes are included,
one for the measurement uncertainty, and the other one with definition of “measures that quantify the degree of non-
linearity and the degree of curvature of the decay curve. These measures may be used to give warnings when the decay
curve is not linear, and consequently the result should be marked as less reliable and not having a unique reverberation”
[30]. The origin of these quality measures is the work of Bodlund in 1984 for a Nordtest method [31]. He elaborated on
the possibilities of using a computer for pression measurements in a laboratory with the interrupted noise method. He also
introduced ensemble averaging as an attractive alternative to arithmetic averaging of reverberation times.

6.3 Open plan offices in ISO 3382-3

A second New Work Item Proposal (ISO/TC 43/SC 2 N 889) was proposed in 2007 that recommend establishing a new
part 3 to the ISO 3382 series. The reason was acoustical problems in open plan spaces (offices, schools), and the
recognition that the reverberation time was not sufficient or useful for characterizing open plan spaces. The proposal
stated that “there is reasonable agreement that other types of measurements such as rate of spatial decay of sound
pressure levels, speech transmission index and background noise levels are needed for a more complete evaluation of the
performance of open plan spaces”.

The measurement of spatial decay in large spaces had already been taken into use in industrial halls, see ISO 14257 [32].
The possibilities of using the speech transmission index (STI) in relation to open plan offices had been suggested by
several researchers [33, 34]. Finally, the ISO 3382-3 [35] was published with the title limited to open plan offices.

Several new measures were defined, four of them being mandatory:

distraction distance rp

spatial decay rate of A-weighted sound pressure level of speech, D> s
A-weighted sound pressure level of speech at 4 m, Lyas4m

average A-weighted background noise level, L, a p.

The distraction distance 7p is derived from STI measurements performed on a line of receivers with increasing distances
from an omni-directional source. The distance where STI is estimated to decrease below 0,5 is defined as the distraction
distance. The sound source must emit a noise signal at specified sound power and spectrum that represents speech sound.
This new part of the standard did not solve the acoustical problems in open plan offices. However, it did establish a very
important common reference for research in the field of acoustics of open plan offices. The acoustical problems in open
plan offices are much more complicated than ordinary noise control. It is more like an optimisation problem, and how use
the new parameters is still under discussion [36].

A second edition of ISO 3382-3 was published in 2022 [37] with minor changes. Most important is the addition of another
parameter, the comfort distance (rc). This is defined as the distance from the omni-directional source, where the A-
weighted sound pressure level of speech decreases below 45 dB.
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7 Future measurement methods

7.1 Revision of ISO 3382-1

ISO 3382-1 is currently being revised and some of the ideas for future changes may be unveiled. Most importantly, it will
be emphasised that the standard is not only for music rooms, but also includes rooms for speech and open-air performance
spaces. It will be made clear which of the room acoustic measures are relevant in rooms for speech, especially classrooms.
Some new room acoustic parameters may be suggested, such as an echo-parameter and the acoustic efficiency, both of
them most relevant for open-air performance spaces [38].

A new method for normalisation of the measurements to a standard atmosphere (20 °C, 50 % RH) is also being discussed.

7.2 Measurement of modal reverberation times

The problem of measuring reverberation time at low frequencies (< 100 Hz) in small rooms (< 200 m?) is still a challenge.
One idea is to measure the reverberation time of single modes. Instead of a conventional statistical approach, the source
and microphone positions can be chosen strategically in order to separate one low-frequency mode at a time [39]. This is
best applied to rectangular rooms, where the modal pattern of the modes is well known.

7.3 Application of cepstrum analysis

Flutter echoes and the spectral colouration due to periodic sound reflections are easy to hear but difficult to measure
objectively. A method that has proven useful, especially for colouration issues, is the application of the so-called cepstrum
analysis [40]. This is the inverse Fourier transform of the logarithm of the spectrum. The spectrum is derived as the
Fourier transform of the impulse response. Peaks in the cepstrum indicate a periodicity in the spectrum, which is typical
for the colouration.

7.4 Measurements with a 3D field microphone

The 3D distribution of the sound reflections in a receiver position can measured by replacing the omnidirectional
microphone with a number of cardioid capsules, three orthogonal intensity probes, or some other microphone array. The
measured signal can be transformed into first order ambisonics signals (B-format) or higher order ambisonics signals
with addition of more microphones in the array. This technique can be used to measure the spatial room impulse response
(SRIR) and to visualise the directions of reflections in the measured impulse response as a hedgehog pattern [41-42].

However, the use of 3D field microphones opens up for several other applications. The measured signal can be transferred
into a figure-of-eight signal and a simultaneous omni-directional signal for deriving the lateral energy parameters in ISO
3382-1. By application of a head-related transfer function (HRTF) the measured signal can also be transferred into a
binaural room impulse response (BRIR), thus replacing a dummy head for the measurement of the IACC parameter.

7.5 Application of sound intensity and particle velocity

Further application of the above-mentioned technique is to measure two different impulse responses, the traditional one
based on sound pressure and another one based on the 3D sound intensity. Thus, a dynamic diffusion curve (DDC) can be
derived from the difference between the two decay curves [43]. The DDC is a measure of the amount of non-directional
energy as a function of the decay level. This technique is very efficient for analysing the degree of diffusivity and for
detecting echoes and flutter echoes in a room. It has also been suggested for evaluation of the acoustical quality of
reverberation rooms [44].

The simultaneous measurement of sound pressure and particle velocity opens up for improvements of measurements in
reverberation rooms, that are used for measuring the absorption coefficients of materials. With current technique, it is a
significant problem that the diffusivity in the room is compromised when the test material is installed. With the possibility
to measure both the potential energy density and the kinetic energy density, the fotal energy density can be achieved. This
may offer more accurate and robust measurement results, because the total energy density varies very little throughout
the room. This applies to the steady-state sound as well as to the decaying sound field. This is the basis for a detailed
measurement method that has been described in a US patent by Hanyu [45].
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Sales reports for dwellings normally lack information about the acoustic properties of the house for sale. A
new law about safer house trading was brought into act in 2022. This law led to a revision of a Norwegian
standard: NS 3600 “Technical condition analysis when selling dwellings” (Al-translated name). A
possibility for including acoustic specifications was then opened. Such specifications, however, need to be
easy obtainable and easy understandable to be accepted. A proposal that now is out for comments, is based
on the following: Internal sound insulation will be described in relative terms compared to new houses,
based on the age of the house. External noise level shall be reported from available noise contour maps for
traffic noise, railway noise, tram noise, airport noise, industry noise etc. It must be noted that the standard
is out for hearing at the moment. The final content of NS 3600 is therefore unknown.

1 Introduction

The purpose of informing buyers about sound conditions in homes during transactions is to ensure that their
expectations align with the actual conditions both inside and outside the property. This can help to reduce conflicts after
a sale and enable buyers with varying levels of sensitivity to noise, to find a property that suits their needs.

2 Acoustic properties of older buildings

2.1 Minimum requirement in regulations

Following the acoustic quality of buildings over the last decades, reveals that houses and dwellings have been built to
fulfil legal requirement in regulations, and no more. Therefore, information about the regulations at various times tells a
lot of what can be expected of airborne- and impact sound isolation in the house. The picture below shows regulations
and specifications for acoustic properties in dwelling among others, at various times in Norway.

The regulatory papers include:

10 versions of building regulations and
5 version of our sound standard NS8175
(These are from private libraries. Not all
are available on the web).

Some major requirements can be found
by searching “byggeforskrifter” at:
http://norskakustiskselskap.org (in
Norwegian only)

BYGGE-
FORSKRIFT
1987

2.2  Outdoor situation

During the later years, official requirements in Norway as well as from EU has lead to an increasing presentation of noise
contour maps. Several noise maps can be found related to the spesific sources. An overview for Norwegian maps is found
here: https://kartkatalog.geonorge.no/
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3 General extend of acoustic information

3.1 Basic challenges

The housing standard has increased as long as houses have been built. Many homes are also exposed to increasing noise
from outdoor sources such as road traffic, railways, tramways, and airplanes. Also industries, warchouses, ports and
terminals, shooting ranges, motorsports tracks, etc. can create noise above existing limits.

The content of an eventual seperate acoustic report may easily grow to include measurement of airborne sound insulation,
impact noise levels, noise from technical installations etc. The cost of such reports could then likely exceed the cost of
the full technical condition report that are presented today. It is therefore a challenge to find an acceptable amount and
precision of acoustic properties to be presented and an effective way of reporting them.

Information about acoustic properties for older buildings may be regarded as negative, especially for those that only have
got a “surface-shine” before selling. This may of course also be regarded as negative for the sellers and the real estate
agents. For the buyer it seems reasonable to have information of all important issues about the house. This may be a
problem at the moment for those who bought without knowing anything about sound insulation or outdoor noise and
selling with the information. This is similar to other new information and related problems will be overcome over time.

3.2 Internal sound insulation

Ideally indoor sound conditions should include values for airborne sound insulation, impact noise from neighbors, noise
from technical installations (e.g. ventilation) and noise from outdoor sources. Building methods and technical solutions
are as indicated in 2.1, closely related to requirements in planning and building regulations with associated building codes.
However, this applies to a general level mainly for sound insulation. Improvements made to the partitions inside and/or
towards other dwellings should therefore also be reported as “advantage information”.

Some information will obviously be lacking in a limited report like the one suggested in the new NS 3600. However, this
does not reduce the value of the information that is easily available.

3.3 Outdoor noise situation

Outdoor noise sources affect the noise levels around the residence and outdoor recreational areas. If the sound insulation
in exterior walls is insufficient, indoor noise levels can also be disturbing, affecting relaxation, rest, and sleep.

There may be minor outdoor sources that are not presented in the official noise contour maps. This challenge can be partly
compensated by a note about noise in the self-declaration. Some sources of noise may also be visually observed or heard
during inspection. However, the lack of full coverage should not prevent information about available information.

3.4 Self-declaration

The value of self-declaration on noise is discussable, as there may be large differences in the subjective perception as well
as the willingness to reveal potential problems.

There may also be a big difference in what sellers and buyers want to focus on are re disturbed by. Another issue is that
during a viewing, there are normally several potential buyers present. People will have less sense for the sound conditions
than what they would be able to if they were alone in the dwelling.

Sometimes viewing also is done at times when noise from outdoor sources is low. These factors may lead to a “false”
impression of the situation. Therefore, a statement from the seller regarding outdoor noise conditions and/or perceived
sound insulation against potential neighbors may still be valuable.

At the moment the proposal includes a question about noise in the sheet for self-declaration.

28



4  Sound-insulation related to age

4.1 General

A rough assessment of internal sound conditions can be made based on the year of construction of the house, supplemented
with information about measures taken and/or actual constructions. Measures will have additional value if they are
documented with sound measurements or with other form of report from qualified individuals.

The table in Norwegian below, is from the reference in section 2.1.

Regelverk Ar [ endr. Luftlyd Trinnlyd Kommentarer
Lov om bygningsvesenet 1924 - - Konstruksjonskrav tilsvarer ca. 39 dB
Byggeforkrifter 1949 D=50dB"” AL=12dB" “Middelreduksjonstall” / trinnlyddemping.
Anvisninger for konstruksjonstyper.
1969 / 69 Dy =49 dB L, < tabell verdier Tilleggskrav; R =50 / 52 dB og tabellverdier.
3 dB strengere krav til luftlyd i rekkehus
Byggeforskrifter 1969 /72 = = =
Byggeforskrifter 1969 / 76 = = =
1969 /79 1,252 dB ;<63 dB I, 3 dB strengere for rekkehus
I; 5 dB strengere for rekkehus
Byggeforskrifter 1969 / 80 = = = o
Byggeforskrifter 1969 /81 = = =
Byggeforskrifter 1969 /83 = = =
Byggeforskrifter 1985 = = =
Byggeforskrifter 1987 / 88 R, =52 dB I, <58dB R, 3 dB strengere for rekkehus
L., 5 dB strengere for rekkehus
NS 8175 1997 R’,, 255 dB I, w<53dB Samme grenseverdi i blokk og rekkehus. Noe om eksternstay
NS 8175 2005 = = L';: Volumbegrensning pd100m? i boliger
NS 8175 2008 = = =
NS 8175 2012 = = =
NS 8175 2019 R, +C254dB R'w:C554dB Ikke referert i forskrifter pr. 05.11.2021 &

Statements for each category are given in 4.2 — 4.5.

Note: It has been decided by the non-acousticians in the working group to avoid dB in the descriptions. (Translation
from Norwegian to English may confuse the expressions a bit.)

4.2 Houses built after 1997

Houses built after 1997 are assumed to meet today’s regulations. It means that the property has sound conditions according
to the limits in NS 8175 (1997-2012) class C. This also applies if improvements that provide equivalent sound conditions
are made in older houses. The sound insulation will then be experienced as satisfactory by most people.

4.3 Houses built between 1967 and 1997

There is a change in specifications in 1987. This is however so small that one may choose to omit it in this coarse type
of classification.

The following may then be stated as general information for the period: "The sound insulation is noticeably worse
compared to newer homes, even if the sound insulation is weaker than current limits".

In acoustic terms the difference is 3 — 5 dB.

4.4 Houses built between 1949 and 1967

The sound insulation may be 5 — 10 dB worse than in new houses. The following may then be stated as general
information for these houses:

"In dwellings built in the period from 1949 to 1969, sound insulation is usually significantly worse than today's
standard."
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Examples of Norwegian houses built early in the period 1949 to 1967 are shows in the pictures below:
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Some of these have concrete slabs and some have wooden slabs. Inform about slab type should be given, as the wooden
slabs normally have lower performance that the concrete slabs.

4.5 Houses built before 1949

Old apartment buildings are probably similar over most of the Nordic and maybe also in the Baltic countries. They may
be very nice looking when they have been remoulded and renewed, but there may be a big difference in sound insulation
compared to new houses. Then picture below show the building system of houses from around 1900 and new facades.
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Typical basic floor-slab in an old house
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The following text applies to this situation: "In residential buildings constructed before 1949, the sound insulation is
usually much worse than in homes with today's standard. If no measures have been taken, the sound insulation can be
perceived as less than half as good as in new dwellings".

5 Noise contour maps
Noise contour maps will be used only as a tool for finding a number concerning the outdoor noise level, and only if these

exceed the relevant limits for the source.

The method is well known by acousticians, thus further description here is not necessary.
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The number of wooden buildings is increasing in many countries mainly due to their contribution to a
greener environment. The building development is also boosted in general by increased population,
migration to cities and demography. As we construct more, both multifamily houses and essential facilities
like schools and hospitals, embracing the wooden trend is therefore of great importance. However, building
acoustics is crucial regarding final design in wooden structures, implying that detailed acoustic optimization
to keep the cost limited can be a challenge. While numerous multi-storey wooden buildings stand tall, the
understanding of acoustic solutions in floor and wall build-ups and junctions is still lagging compared to
concrete counterparts. To enhance our knowledge, we must understand and refine criteria for sound
insulation, tackle annoyance factors to a larger extent, and from that optimize structural details in various
building systems to fit specific needs in each type of building. This keynote will explore different ongoing
and completed projects and disclose their specific technical solutions providing sufficient sound insulation.
It will shed light on the diverse opportunities offered by various wooden building systems in different types
of multi storey buildings.
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Abstract

Engines, equipment, and structures need to be protected from disturbing vibrations
and shocks. The needed isolation may be achieved by installing vibration isolators
between the base and the object. For the design of isolation systems finite element
analysis is an effective tool. Unfortunately, accurate isolator models are not always
available. Dynamic properties of vibration isolators are needed to create reliable
mathematical models. This paper describes field measurements of wire rope (WRI)
and rubber isolators in engine application. Measurement results can be used to create
more accurate models of vibration isolators. Common knowledge in industry is that
rubber isolators have better isolation capacity at high frequency range than WRIs.
However, it is proven that WRIs have lower amplification at resonance than rubber
isolators and when vibration excitation is relatively high their isolation capacity at
high frequencies is adequate. The tests were done in VEBIC facilities in Vaasa Fin-
land.
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INTRODUCTION

The dynamic behavior of flexible elements has been studied in order to predict the vibration
isolation capability of different isolators. Two studied flexible elements are rubber and wire
rope isolators (WRI). Earlier the tests were conducted in the laboratory and for example
engine excitation have been estimated from field measurements. The excitation has been
created using electro-magnetic shaker or hydraulic test device. The results have shown that
there are clear differences between rubber and WRI. [1-5]

The purpose of this study is to investigate the isolation capability of WRIs and rubber iso-
lators at high frequency range using diesel engine as excitation source. The isolation capa-
bility is measured using accelerometers and strain gauges. The isolation capability at low
frequencies is already known. The WRI has higher damping which leads to lower response
vibration levels at resonances. The non-linearity of WRI is also well known and rubber
isolator is known to be linear in relation to amplitude. The damping mechanisms are also
different in these isolator types (viscous for rubber and Coulomb friction for WRI). [6-7]

METHODS

First the isolators were studied using a direct method (hydraulic test device). [8]. In direct
method measurement force is measured from the force output side of the part and the dis-
placement is measured from the force input side. Dynamic stiffness was calculated from
time displacement-force figures using trend line of the graph. Loss factor was determined
by the basis of dissipated energy related to maximum of potential energy. These results are
already presented in other publications (see references 1-5). Based on the laboratory tests,
flexible elements with closely matching stiffness were chosen. The rubber isolator is Trel-
leborg 17-0391 C2 and the wire rope isolator is WRI 8-8/58-75-148.

Experimental setup

The experiments were performed at the University of Vaasa’s VEBIC (Vaasa Energy Busi-
ness Innovation Centre) engine laboratory.

Engine

The investigated isolation elements were installed between AGCO Power 49 AWF engine
and the engine base. The engine is a typical turbocharged and intercooled heavy-duty diesel
engine with a common-rail injection system. It is intended primarily for off-road machinery
applications. During the experiments, a Schenck W400 water-cooled eddy current dyna-
mometer, controlled via Horiba SPARC controller, was used to load the engine. Main en-
gine specifications are listed in
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Table 1. Test engine specification

Type AGCO Power 49 AWF
Nominal speed (r/min) 2100

Cylinder number In-line 4

Displacement (liter) 4.9

Bore (mm) 108

Stroke (mm) 134

Air intake turbocharged, intercooled
Fuel injection common-rail

3D accelerometers were installed above and below the isolators and transmissibility was
calculated between them. Amplification, which is the magnitude of transmissibility, is used
for comparing the isolation capacity of isolators, because it represents how much excitation
is transmitted through the isolator to the isolated target.

To measure forces directly, strain gauges were installed under the isolators. The added part
was instrumented with strain gauges under the isolators. Both isolator types were measured
in a similar way. The rubber isolator was the original isolator that was provided with the
engine. The WRI was selected as presented above.

Two tests were performed, stepped rpm varied from low to maximum and sweep test from
maximum to low rpm. The measurement results are shown from maximum rpm and sweep
test.

Figure 1. The studied isolators.
Left: rubber (Trelleborg 17-0391 C2) and right: WRI (8-8/58-75-148).
The strain gauge sensor is below the isolator (both types). The coordinate system is presented
with black arrows.
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RESULTS

In Figure 2 and Figure 3 the vibration peak-hold curves of the sweep tests are illustrated.
At higher frequencies the accelerometer installation is not valid anymore. Therefore, re-
sults are presented only up to 2000 Hz. In the Figure 4 the comparison of rubber and WRI
is presented from the sweep test. In Figure 5 the strain gauge measurement results are pre-
sented in vertical direction. The measurement test was steady at nominal 2100 rpm.

Velocity Peakhold FFT (mm/s RMS)

0,0001
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (Hz)

---- WRIFoot 2 Below X ——WRIFoot2Above X ---- WRIFoot2Below Y
—— WRI Foot 2 Above Y ---- WRIFoot2Below Z ——WRIFoot2 Above Z

Figure 2. Vibration velocity peak-hold. Three directions — WRI. Sweep test from 2100 to 700
rpm.
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Figure 4. Vibration velocity peak-hold. Vertical direction. Red rubber black WRI. Sweep test
from 2100 to 700 rpm.
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Figure S. Strain gauge measurement results in vertical direction. Nominal 2100 rpm.
Red: rubber and black: WRI

At 400 Hz to 800 Hz frequency bandwidth the isolation ability of rubber isolator is clearly
better than WRI. At 10 Hz to 400 Hz the WRI isolation ability is better. These differences
can be related to strain gauge measurement arrangement. That created a new spring like
dynamic element to measurements. At lower frequencies the amplification of WRI is
clearly lower than rubber.

DISCUSSIONS

First tests were done on January 16™ and 17" 2024 and some unclear results were noticed.
For example, the foot of the isolators had higher vibration than expected in transversal
direction. Later it was discovered that the engine was not mounted to the floor properly.
All the tests were repeated to get correct results. The engine was installed properly, and
new tests took place on 7" and 8™ of February.

The strain measurements were done using separate part that was attached below the isola-
tors. The strain gauges need some flexibility in order to get a good signal. If the strain
gauges are installed to very stiff component, for example the engine support foot then sig-
nal / noise ratio can be poor. It was decided to use this kind of method in order to get good
results. There was a risk that the added part would create a spring that would interfere with
the measurements. Unfortunately, this was the case. The flexible part created disturbances
to higher frequencies which were of interest. In the beginning of the project there was the
idea to do the measurements using commercial force sensor. A proper sensor was not avail-
able, and it was decided to do measurements with own strain gauges.

In addition, some further aspects need to be considered. In this research, only one type of
WRI and one type of rubber isolator were compared. The isolation capability of other kinds
of rubber can vary a lot compared to studied isolator.
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Next vibration isolator measurement will be comparison test with WRI and original isolator
of diesel engine in a ship. The WRI was designed to have similar stiffness to the original
isolator of diesel engine. The biggest difference between the isolator types is the damping
which is clearly higher with WRI. The tests will be conducted with accelerometers and
strain gauges. The goal is to carry out the measurements in winter 2024-2025.

Figure 6. The floor installation with bolts.

CONCLUSIONS

The strain gauge measurement results show that the isolation of the rubber isolator was
better than WRI at higher frequencies. Even though the strain gauge measurements were
not reliable, the strain gauge installation also affects accelerometer measurement results.
The difference was clearly lower with accelerometer results. At lower frequencies the am-
plification in resonance with rubber isolator is clearly higher compared to WRI. This means
that isolation in robust environments where transient or sweep excitations occur the isola-
tion is clearly better with WRI compared to rubber type isolator. Similar results were seen
in laboratory measurements earlier using electro-magnetic shaker. Laboratory measure-
ment results are typically more reliable than field measurements because the conditions are
well known, and sensors are very accurate. It is recommended to repeat the measurements
using commercial force sensor or install the strain gauges straight to base even though the
measurement accuracy would be lower.
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Abstract

Title: Effects of non-uniform flow on a sound field generated by a finite-size
uniform piston.

Ultrasonic gas flow meters have been increasingly used for fiscal metering of gas in
recent years, and ultrasonic transit time difference flow meters are now considered
as a realistic and competitive alternative to the use of more conventional
technologies. In appropriate applications, such meters offer significant cost benefits
and are planned to be used in subsea and remote operations, where traditional
methods used topside cannot be used. In international trading of oil and gas that
relies on high-precision, traceable, and accredited fiscal flow metering systems, the
accuracy of transit time measurements may be affected by diffraction and side-flow
effects.

Theoretical and computational studies of diffraction and non-uniform flow effects on
an acoustic beam generated by a uniform piston source are needed to improve
accuracy and are therefore investigated. The modelling of flow-acoustic interaction is
based on a narrow-angle three-dimensional parabolic equation, where both
magnitude and phase are presented to illustrate the mathematical results.

Keywords: Ultrasonic gas flow meter, diffraction effect, side-flow effect, subsea,
parabolic equation.
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The awareness of the environmental noise impact has grown significantly, especially within workplaces.
Many employers are striving to create a healthy and noise-free environment for their employees. However,
heavy industries face challenges in adopting such practices. Worker complaints related to noise in factory
settings are common, underscoring the ongoing importance of accurately assessing its impact. Presently,
workplace noise regulations often rely on equivalent noise levels, but incorporating percentile distribution
values such as P10, P50, and P90 offers a more comprehensive understanding of environmental noise.
Additionally, frequency domain analysis provides crucial insights into noise source characteristics, aiding
in the identification of root causes. Due to the diverse tasks and working conditions, various measurement
methods for noise need to be implemented and compared. This approach enhances our understanding of
noise characteristics, behaviour, and influencing factors. Worker involvement in the evaluation process,
including feedback, is essential. A program developed by APL Systems and Wirtsild enables the
simultaneous analysis of personal noise dose and local noise for workplace assessments. The methodology
presented in this paper enhances the accuracy of interpreting noise measurement results, facilitating
effective actions for noise abatement.

1 Introduction

Year after year, noise retains its position as one of the most common problems in workplaces, particularly in the heavy
industrial sector. While noise exposures have decreased across various fields of business, exposure levels are slightly
rising in the construction and mining industries, as well as the metal industry. It has been assessed that approximately
480,000 workers are exposed to noise levels exceeding 80 dB (A), and around 190,000 workers are subjected to noise
levels surpassing 85 dB (A) at their workplaces on a daily basis in Finland.

Annually, noise remains the primary cause of suspicions of occupational diseases. Each year, roughly 1,700 new cases of
hearing losses or suspected losses are reported, with about 800 of them confirmed as occupational diseases initiated by
noise exposure in Finland. The primary impacts of noise include incurable hearing losses and damages. Additional effects
consist of tinnitus, heightened stress levels, sleep disturbances, psychological impacts, cardiovascular changes and issues,
and delayed reaction times. Furthermore, noise impedes communication in workplaces and heightens the risk of accidents.

2 Wirtsilé factory noise history

In Wirtsild, occupational safety and health have been taken seriously for many decades, particularly by blue-collar
representatives who prioritized noise issues. This emphasis led to the first workplace noise measurements in the mid-
1980s. At that time, simple handheld sound meters were used to assess overall noise levels in various areas of the Vaasa
factory, with documented results identifying the noisiest locations.

In the mid-1990s, the first factory noise project was initiated with the goal of understanding workers' daily noise exposure
(LEP,d) and reducing noise levels in different workplaces. Wiartsild purchased three Bruel&Kjaer dose meters (type B&K
44306) for this purpose. By 1994, personal noise dose measurements were conducted, totalling around 200 over the next
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two years at the Vaasa factory. These results proved invaluable in identifying and addressing hearing damage among
workers. Additionally, Wirtsild collaborated with the Turun aluetyéterveys institute (TATL), led by Valtteri Hongisto
and Vesa Viljanen, to reduce noise levels in its factories. This collaboration resulted in the adoption of the ODEON
simulation program, which facilitated the reduction of noise levels in various departments.
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Figure 1: ODEON model for one Vaasa factory department, 1995

Despite the simplicity of the model compared to today's technology, it effectively guided efforts to measure sound power
levels and reduce noise. After four years of work, noise levels in the department decreased by more than 5 dB, indicating
the project's success. Similar strategies were replicated in other departments.

Around 2010, a subsequent factory noise project aimed to pinpoint noise sources from different working machines, such
as compressor air tools. This endeavour highlighted the need for improved measurement instruments capable of capturing
one-third-octave spectra and storing data at one-second intervals. Implementing these advancements would provide more
comprehensive information about the surrounding noise environment. Similar concerns applied to noise dose meters,
questioning whether a single L(Aeq) value adequately describes daily exposure noise over an 8-hour period. Despite the
availability of 1-minute L(Aeq) values, much of the noise data remains underutilized, prompting further inquiry into why
this is the case.

3 New advanced noise instruments

APL Systems and Wairtsild have extensive experience in analysing indoor and environmental noises, with their
collaboration dating back to 2008. The AuresSound® system offers continuous sound recording, live data streaming, and
comprehensive reporting capabilities. AuresSound® measurement devices may be used as independent measurement
stations or as part of a network of sound measurement devices. The user interface is intuitive, providing results in both
the time and frequency domains.

Recently Wartsild has purchased Spartan 730 noise dosimeters from Larson Davis. The dosimeter can be used as stand-
alone device or remotely controlled device by mobile phone or laptop via Bluetooth in terms of monitoring, making setups
and controlling the unit. The measurement report will be generated by using the LD Atlas app. The app will also generate
and download all data files. There is also option to record the audio files of events and overall octave band analysis. The
time domain results are able to be saved with 1s interval as minimum.
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Figure 2: Spartan 730 and AuresSound noise instrument.

4  Advanced analysing method

The ability to conduct long-term recording and analysis of surrounding noise in both time and frequency domains has
introduced a new methodology for environmental noise investigation. The technology of frequency domain measurement
and analysis enables a better understanding of the components of specific noise sources, leading to more reliable
measurement data compared to calculations. In many cases of long-term recording, the values of P10 and P90 appear to
be even more significant than L(Aeq).

Saara Seppénen initiated her M.Sc. thesis in 2014 to develop advanced analysis methods for indoor noise in factories. In
her thesis, she outlined how results should be managed and analysed to derive the most useful information from workplace
noise. One new parameter she introduced was the reverberation time of different departments. However, the analysis was
time-consuming as all one-second measurement data had to be analysed in Excel. Additionally, obtaining personal noise
dose measurement data in ASCII format with the new B&K Analyze 4445 proved challenging. It became evident that
creating a custom-made program to analyse measurement input data would be crucial in the future. Following Saara’s
thesis, the noise project continued for another 2-3 years.

4.1 Aures Noise

Aures Noise is a sound analysis tool where you can input data straight from AuresSound devices but also from external
systems while a certain formatting rule is followed for the input file. Aures Noise then categorizes these datasets to
measurement periods which the user can give a description for easier usage see figure3/left

Using Aures Noise it is then possible to adjust the range from which time the data is wanted, select level for L(Aeq) and
L(Cpeak) from where the program calculates the time these have been exceeded during the time range selected. After this
you can select whether to display data in one graph or individual graphs for every device, figure 3/second.

After selecting the visualization type program starts processing the data. It will calculate 1 minute average for LAeq,
P10%, P50% and P90% from the L(Aeq,lsec) data and also 1 minute average for L(Cpeak). Also, for every hour in the
selected time range the program calculates the following, figure 3/third:

e  Average value for L(Aeq).

e Average value, minimum value and maximum value for P10%, P50% and P90%.

e Maximum value for L(Cpeak)

If the data uploaded includes the 1/3 octave bands the program also calculates the average 1/3 octave for the
measurement period, also automatically recalculates the graph if user zooms to a certain time period. Also, for the
hourly values it is possible to display the 1/3 octave bands from that time. The indication for the graph can be seen in
figure 3/right.
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4.2 STH - Wiirtsild new Sustainable Technology Hub

Wirtsild commenced the construction of a new factory on Vaasa's Vaskiluoto in 2019, with the majority of employees
relocating from our old urban facility to Vaskiluoto by 2022. This expansive new factory spans approximately 220 by
150 meters and stands at a height of 15 meters, aiming to centralize all production activities under one roof. During the
design phase, noise considerations were paramount, with A-insinddrit primarily responsible for acoustical design,
supported by the provision of historical noise reports by Wirtsila.

The third factory noise project commenced in spring 2023, focusing on a custom noise program named Aures Noise,
procured from APL System. Initial data input included one-second noise data from Aures data loggers and Larson&Davis
noise dose meters. The program computed 1-minute L(Aeq) values, alongside P10, P50, P90, and L(Cpeak) values for
each minute, leveraging the capabilities of Aures instruments to calculate 1/3 octave noise spectra. The program's
development spanned three months.

Figure 4 displays two days of Aures measurement data from distinct locations, with instruments positioned approximately
4-5 meters from the work area but in different orientations. The upper curve illustrates P10, P90, and L(Aeq) values,
alongside the overall 1/3 spectra on the upper right. Noise levels fluctuated by approximately 10-15dB in this workspace,
with 80dB levels rarely exceeded. Nighttime factory noise levels hover around 55dB, reaching maximum levels of 75-
80dB. Figure 5 depicts personal noise dose measurements, revealing fluctuating noise levels throughout the workday and
similar noise levels among different individuals measured at the same workplace.
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Figure 5: Upper left curve is presented a person P10, P90 and L(Aeq) and on upper right is presented L(Cpeak) and
L(Aeq) values during measurement day. At same time is presented time what person is exceeded 80dB, time 42
minutes, and 85dB 19 minutes. On lower curve is presented three different person noise dose levels at same working
area.

Most workers find the measurements very favourable because they accurately described their workdays.

When all measurement data are input into the program, the analysis of workplace noise takes about 2 days, whereas
previously it took 1.5 weeks. Therefore, the custom-made program is a huge help in analysing noise at different
workplaces. The manufacturer's own program is too simple for advanced analysis.
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5  Summary

The possibility of long-term recording and analysing factory noise, both in time and frequency domains, has introduced
a new methodology for environmental noise investigation. The technology of frequency domain measurement and
analysis has enhanced our understanding of the components of specific noise sources. The values of P10 and P90 appear
to be even more useful than L(Aeq) in many cases of long-term measurements. However, the most crucial aspect is a
custom-made analysis program that aids in analysis. It would be beneficial to include a percentile distribution for
L(Cpeak) values as well.

The Spartan730 proves to be a powerful noise dosimeter. The only thing missing is a spectrum option, such as
automatically reporting 1-5-minute 1/3 octave values. With this addition, the instrument would become exceptionally
powerful.

Preliminary conclusion showed that even reverberation time in factory is quite high, 2.1-2.3 seconds, the noise not seems
to be big issues. The noise mainly concentrates on local workplaces and attenuation quickly, because big volume of
factory and no reflective surface area.
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To gain more experience with CNOSSOS-EU a series of road noise measurements was conducted to
compare actual noise levels with calculated results. These measurements were taken along an urban four-
lane motorway in Oslo with speed limit 70 km/h, during the summer of 2023, in accordance with Norwegian
standard NS 8174-02 as far as practicable. The resulting road noise levels Lpacq, 24¢ Were compared to the
calculated levels obtained using three different methods for road traffic: NBV96, Nord2000 and
CNOSSOS-EU. The measurement locations were chosen to span from open areas to more complex
situations. The key finding is that the calculated noise levels exceed the measured levels across all three
calculation methods. The discrepancies between measured and calculated levels are highest in open areas
and tend to diminish in more complex scenarios. Specifically, Nord2000 yields higher levels than NBV96
and CNOSSOS-EU, although the differences between Nord2000 and the other two methods become
negligible in complex situations. These findings indicate a need for further investigation into source data
for vehicles, and potentially road surfaces for Norwegian conditions. Additionally, the transition in software
from Cadna/A to SoundPLAN influences the results to some degree.

1 Introduction

In connection with the adoption of the CNOSSOS-EU calculation method for road traffic noise assessments, Multiconsult
sought to examine calculations performed using CNOSSOS-EU and compare the results with measurements of road traffic
noise. The measurements were carried out as an internal project during the summer of 2023. On behalf of The Norwegian
Public Roads Administration (Statens vegvesen), the internal project was expanded to include additional calculations with
NBV96 and Nord2000.

2 Measurements

Road traffic noise measurements was conducted at 34 different locations along Rv. 4, between Sinsenkrysset and Linderud
in Oslo, Norway in June through August of 2023. These measurements were carried out in accordance with NS8174-2 [1]
as far as practicable. Independent measurements were taken on three different days at each of the 34 measurement
locations. The measurement locations are distributed across three areas: Linderud, Arvoll, and Bjerke, as indicated in
figure 1. The rationale for selecting the areas for road traffic noise measurements stems from Multiconsults earlier noise
calculations along Rv. 4 in Oslo, Norway, on behalf of The Norwegian Public Roads Administration [2].

Measurement locations were strategically chosen to cover a range of scenarios, from open areas (relatively straightforward
situations) to more sheltered and built-up areas with complex reflection conditions. Emphasis has been made to achieving
variation in terms of height difference between the source and receiver, shielding conditions, urban density, and distance
to large and reflective buildings, as shown in table 1. The measurements were taken at distances ranging from 17 meters
to 91 meters from the centreline of the road at a height of 1,5 m above ground level. The speed limit was 70 km/h.
Temperatures spanned from 16°C to 31°C, and wind speed was less than 6 m/s.
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Figure 1: Overview of measurement location areas.

Table 1: Overview of parameters that can affect the noise level at the different measurement locations.

Height Estimated geometrical
Measurement |  difference Shielding Building complexity
location between conditions conditions , )
source and Simple | Medium | Complex
receiver
1 X
2 None None Open X
3 X
A 4 Houses X
3 2-5 m below . . Apz.irtr.nent X
road Noise barrier buildings
6 Houses X
7 X
1 X
2 N Noise barrier X
n
B 3 one Open X
4 X
5 Partial noise barrier X
6 5 m above X
1 X
2 X
None
C 3 Noise barrier Open X
4 X
5 X
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3 Calculations

The calculations were performed using Cadna/A (Version 2023 MR2, build 201.5366) and SoundPLAN Noise 9.0. For
the Cadna/A calculations the methods NBV96 [3] and CNOSSOS-EU [4], [5] were used. For the SoundPLAN
calculations the methods CNOSSOS-EU and Nord2000 [6] were used. Calculation settings for CNOSSOS-EU were set
according to the recommendations in Handbook for use of CNOSSOS-EU in Norway (Handbok for bruk av CNOSSOS-
EU i Norge) [7], and calculation settings for Nord2000 were set according to Handbook V717 — User guideline Nord2000
Road (Handbok V717 — Brukerveiledning Nord2000 Road) [8]. The calculations settings are described in detail in
Multiconsult report 10253612-01-RIA-RAP-001 [9].

3.1 Meteorology

According to Handbook for use of CNOSSOS-EU in Norway recommended settings for meteorology, based on
Norwegian weather statistics, is favourable conditions in 50, 60 and 70 % for day (7-19), evening (19-23) and night (23-
7) respectively. This is a conservative estimate for favourable propagation.

To compare the measured noise levels with the calculated noise levels the air and road temperature was set to an average
of the measured temperature for the three measurement days.

3.2 Reflections

Noise levels were calculated at 1,5 m height above ground level including up to 2™ order of reflection. The impact of
using 3 order reflections has been tested.

3.3 Vehicle speed

The vehicle speed was set to 70 km/h in the calculations. Available road speed data indicates an average speed of 75 km/h
during the measurement periods. If a speed of 75 km/h was considered the noise levels would increase by up to 0,6 dB.

3.4 Road surface

Road surfaces are in general noisier in Norway than most European countries due to the use of studded tyres. However,
the calculations are performed using reference road surface for the CNOSSOS-EU method. Reference for Norwegian
road surfaces are for the present not specified. In the Nord2000 calculations, data for a newly laid SMA11 is used, and
not corrected as recommended in Handbook V717 — User guideline Nord2000 Road.
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As the measurements were taken during summertime, studded tire fraction was not included in the calculations.

4 Results and evaluation

Road traffic noise was measured three times per measurement location, apart from measurement point A5, which at the
has been measured twice (measurement no. 2 carried out in October 2023). The measured noise levels have been adjusted
for YDT (yearly average daily traffic) and then averaged. The measured noise levels are stated as an expected equivalent
A-weighted sound pressure level for each measuring point, with a corresponding confidence interval. The confidence
intervals are calculated in accordance with NS 8174-2, Appendix B.

4.1 NBV96 and CNOSSOS-EU calculated in Cadna/A

The measured expected noise level Ly acq24n for each measurement location is shown in figure 2. The figure also includes
the calculated noise level for NBV 96 and CNOSSOS-EU. The measured expected noise level per measurement location
is shown with corresponding confidence interval. The figure shows the calculation results where the road surface
temperature and air temperature are set to an average of the measured temperature for the three different measurements
days.

Noise level L, yeq24n Measured and calculated with actual measured temperature
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Figure 2: Measured expected noise levels Ly acq24n With confidence intervals compared to calculated noise levels
Lp Acq24n for NBV96 and CNOSSOS-EU with temperatures corresponding to actual measured temperatures.
Calculations performed in Cadna/A.

4.2 CNOSSOS-EU and Nord2000 calculated in SoundPLAN

To compare measured noise levels to calculated noise levels for Nord2000, calculations have been performed in
SoundPLAN. Noise levels have also been calculated for CNOSSOS-EU in SoundPLAN to gain more information about
how the change in software affects the calculated noise level.
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The calculated noise level for each measurement location for CNOSSOS-EU and Nord2000 are shown in figure 3.
Calculated noise levels for CNOSSOS-EU performed in Cadna/A are also included to illustrate the effect of change in
software. Noise levels calculated using CNOSSOS-EU in SoundPLAN are lower than the noise levels calculated in
Cadna/A.

Noise level L, req24n Measured and calculated with actual measured temperature
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Figure 3: Measured expected noise levels Lp acq,24n With confidence intervals compared to calculated noise levels
Ly Acq24n for CNOSSOS-EU and Nord2000 with temperatures corresponding to actual measured temperatures.
Calculations performed in Cadna/A and SoundPLAN.

4.3 Effect of geometrical complexity

To better understand the reasons for discrepancies between measured noise levels and calculated noise levels, we have
examined the results considering geometric complexity, as given in table 1. The table indicates whether there is a
difference in elevation between the road surface and the measurement point, whether there is shielding (such as barriers
or buildings), and whether the area is open or densely built. Based on this information, we have categorized the conditions
as simple, moderate, or complex in terms of geometry. The deviation between measured and calculated noise levels
Ly, acq24n, sorted by geometric complexity is shown in figure 4. The confidence interval of £2 dB is included. It’s worth
noting that for measurement location A5, the confidence interval is 2.4, as only two measurements were taken for this
location.

Figure 2 to figure 4 reveal relatively significant discrepancies between measured and calculated noise levels Lp acq,24n for
all calculation methods at measurement points Al to A4. These measurement locations share the common characteristic
of being primarily situated in open terrain without shielding from noise barriers or buildings. Note that there are double
Jersey barriers (height 0,8 m) between the lanes along the entire road. These barriers affect the sound transmission, so
none of the situations can be considered as geometrically simple. It was initially expected that there would be smaller
deviations between measured and calculated noise levels for these measurement locations due to the straightforward
conditions. Unfortunately, almost none of the calculated points fall within the confidence interval of the measurements.
While Nord2000 exhibits the largest deviations, there are also significant discrepancies for the other calculation methods.
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For the measurement locations with medium complexity there are still large discrepancies between measured and
calculated noise levels. Nord2000 still has the largest discrepancies and highest calculated noise levels, compares to the
measured values.

For the complex measurement locations, several factors contribute to the discrepancies between measured and calculated
noise levels. These factors include shielding (sometimes from noise barriers and buildings) and the presence of multiple
buildings with large reflective surfaces that can impact noise conditions. Interestingly, the three calculation methods
exhibit better alignment with the measured noise levels in these scenarios. A significant number of calculated points fall
within the confidence interval, and the apparent difference between the Nord2000 method and the other two calculation
methods diminishes.

It’s worth noting that in these complex situations, calculations including a higher number of reflections become relevant.
If this was to be considered, the calculated noise levels would be slightly higher for the complex scenarios.

Difference between measured and calculated noise level Ly 5., 4 With actual measured temperature
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Figure 4: Deviation between measured and calculated noise level L, acq24n for different calculation methods, sorted
according to geometrical complexity. The complexity is divided by the black vertical lines and is sorted from simple to
complex. The confidence interval is shown as dotted lines (+/- 2 dB).

5 Summary

The results from the comparisons indicate that measured expected noise levels are lower than the calculated noise levels,
regardless of whether the calculations were performed using NBV96, CNOSSOS-EU, or Nord2000. The largest
discrepancies between measured expected noise levels and calculated levels occur in the situations with simple
complexity, where initially better correlation was expected. This indicates that further investigations should be made into
source data for vehicles and road surfaces for Norwegian conditions.

Note that there are double Jersey barriers (height 0,8 m) between the lanes along the entire road. These barriers affect the
sound transmission, so none of the situations can be considered as geometrically simple. The noise reducing effect of the
Jersey barriers, and how they are handled in the calculation methods should be further investigated.

It's important to note that this study is limited to a road with speed limit 70 km/h and locations for measurements in
distances from the road ranging from 17 to 91 meters from the centreline.
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1 Abstract

This paper focuses on the spatial planning and architectural design for an area in Tallinn next to Linnahall by using noise
mapping tools in such a way as to create an acoustically less stressful place to live and work in and to reduce unwanted
sound in public areas. By doing so this creates a lively place to live and work in, while keeping the soundscape interesting
and alive throughout the year.

People sense space in which they’re in — if it’s big or small. We can see dimensions and sense the scale of the city. Like
we see the city, the buildings and the rooms, we also hear them and everything, which surrounds us. By hearing we can
understand if the space around us is big or small, lively or dull, alive or damp.

In Tallinn the dominating noise is traffic noise. Areas like Vanalinn or Kadrioru park and Noblessner offer some relief
from noise, but they’re not planned as an acoustic space. Tallinn is a port city, but the seaside areas do not offer enough
escape from the busy streets.

This project consists of different phases — methodology, analysis & creating a spatial tool for noise reduction in spatial
planning. The analysis phase focuses on buildings, which purpose includes acoustics. Through the analysis a set of criteria
is formed, which can be used to locate possible concert hall locations in Tallinn. The locations are then compared to each
other using properties of sound, through which a final location is chosen.

A study on noise will be done for the final location. Possible noise sources will be mapped along with a noise map. Based
on the map and possible sources of sound, a methodology is created, through which acoustic properties in relation to noise
of the area can be impacted.

In the planning phase, the methodology is used. First the buildings will be used as noise barriers. After this locations with
higher qualities in terms of acoustics and architectural design are created.

As a result, a masterplan design employing noise as a spatial tool creates a cohesive connection for the seaside areas and
an interesting and quiet part of the city in which people can rest whilst living and working in the area.

2 Introduction

The world of sounds is nothing new. We hear sounds from an early stage in our lives and we are used to living in different
soundscapes our whole lives. Different voices, sounds allow us to sense the space we are in, they allow us to recognize
dangers and communicate. In our daily lives we tend to forget that we can hear the world, so we focus more on the visual
contact with it.

Sounds are associated with noise — everything we do not want to hear, we filter out into something unimportant called
background noise. As background noise differs from situation to situation, we tend to lose the ability to listen to the
soundscapes around us. In the scope of a city, the moments of realization of a change in soundscape can be mostly be
noticed only, when the change is sudden.
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3  Soundscapes

Every city has its own soundscapes, which can be described with combining all of the sound sources present there. These
can be birds, cars, technical equipment, trees, people etc. Every space is described by a different soundscape. Soundscapes
change depending on the space the listener is in. Through this a city can be mapped through sound creating soundwalks.
(1]

Soundwalks can be described through time, as the sounds of horses working on a field, the sound of a bell starting and
ending the workday change to the first cars, tractors, the sound of a bell turns to a signal. [1] The noise coming from the
fields, factories is being pushed further away from the cities, but the “horses” are still ever present and the sound of the
start of the workday can be chosen “freely” on our phones.

Going into the future raises the question of where is the soundwalk of a city through time headed?

4  City planning

The soundscapes indoors can be changed through the means of building and room acoustics and outside it is only thought
of through traffic and technological equipment. A key feature of city planning and geometry of buildings is missed — they
can be used as noise barriers.

Placing a building parallel to a road will allow for higher noise levels on that side of the facade, but by the means of
building acoustics the effects indoors can be minimized. On the quiet side of the building forms a space, which has a
higher acoustic quality. Building geometries, which allow focusing of sound should be discouraged.

As an extra losing visual contact with traffic, the psychological impact of noise coming from cars can be decreased. [2]

Planning a building, which runs along the perimeter of an estate block, will form a quiet space inside it. This space can
be designed to offer peace from traffic noise without the use of complex solutions for lowering noise.

On the scale of a city all three of these methods come into play. By using these three methods, a city which allows the
use of public functions, is acoustically more diverse and interesting and lowers the impact of traffic noise to health can
be designed. It’s key to understand that using distance to lower noise levels is not enough and new more precise methods
need to be used. For example when planning the city of the future, trees which allow for songbirds to thrive should be
chosen, in key noisy areas fountains should be placed to mask the sound of traffic.

S  Concert houses & multi-functional centers in a city

Concert houses are buildings, which have a clear function, they are usually separate buildings and they work as an anchor
for the surrounding areas. They can be thought of as sacred sites, where entry is not easily granted. To get the experience
of the features of the building or its surroundings a special event or a concert has to be held. This can lead to a concert
house being like a office block, which fills during a concert/workday and empties afterwards. The only difference is
architecture, which most probably is more luxurious for the concert house.

Multi-functional centers are planned with connectivity with the city in mind. Even though their architecture can be more
expressive than a regular residential or office building, they are planned with functionality in mind. They can mostly
operate 24/7 and the psychological effect of exclusiveness is more faded so they feel more open.

Within the limits of this paper, the proposed concert house has to have an exclusive yet open design, which would give
the feeling of a culturally important location. The fagade has to be open and take its surroundings into account. The area
around the concert house has to planned in a way, which fades the borders between exclusiveness and openness.

6 Tallinn & noise

Tallinn is an uncomfortable place to live acoustically — large magistrals cut through the city and the amount of cars is
high, which translates into noise levels. It is difficult to get some rest from traffic and the greenery is not noticeably
present in the city. [3]
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Figure 1: > 55 dBA noise zone in Tallinn. [4]

Based on the information from “Tallinn’s environmental noise reduction plans for years 2019-2023” the amount of people
who are living in Lgen > 55dB noise zones is over 56,8% in the year of 2019. [5] In Tallinn the physical dangers are
monitored by Terviseamet, who also provides reports of noise complaints. Comparing the traffic noise complaints
between years from 2014 to 2021, it can be seen, that the amount of traffic noise complaints has risen by 14,6%. [6]

Taking into account the noise situation in Tallinn, the location for the concert hall can be chosen. The best area for it is
between Linnahall and the Port of Tallinn.

7  Site analysis

Linnahall is an important place historically. It was one of the first structures, which “broke” its way to the sealine and
allowed the people in Tallinn to reach the sea. Within the building lies a concert hall of which back walls can be rised
into the ceiling allowing access to the room.

From the north the project area is cornered by the Baltic Sea, in the east lies the Port of Tallinn, in the south there is the
North Boulevard, which connects the port to the old town and in the west lies the Linnahall building. The site is perfect
for a concert house as it is familiar to the residents of Tallinn and the seaside area is being developed, which in turn
connects together the residential area of Noblessner, Tallinn Seaplane Harbour, Patarei sea fortress, Linnahall, cruise
terminal, Reidi road and Pirita beach.

A new tramline is being built for the area, which connects the city centre with the Port of Tallinn and Linnahall. As the
area is empty there is not a lot of traffic noise to deal with, with the exception of the port. The empty space allows to form
a new structure without heavily disturbing the current situation.
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In terms of noise there are two main sides, which need to be addressed — traffic & ship noise coming from the Port of
Tallinn and traffic noise coming from the North Boulevard.

7.1 Analysis of existing and proposed masterplans for the area

For this analysis I have chosen two projects from architectural competitions and composed a plan of the cities detail
plannings for the area. I have created 3D acoustic models of the area, where I calculated traffic noise levels.

In all of the calculations it is estimated that hourly there are about 100-200 cars on each road, which is equivalent to filling
a parking lot used to accommodate the buildings. The road connecting the port and the city will have about 950 cars,
which is equivalent to twice the average capacity of a ship stopping at the Port of Tallinn. The height of the buildings is
set to 18 meters.

From the analysis it can clearly be seen that in the planning phase environmental noise was not thought of.

Figure 2. From left to right. Noise analysis of KavaKava [7] and Zaha Hadid [8] masterplans, detail plannings of
Tallinn [9]

8 Project

First a noise map of the area is created to figure out the exact sources of noise and the amount of it. The next step aims to
create architectural structure within the area, making it logical. Using CadnaA 2023 and data from Stratum OU and
Akukon Eesti OU the architectural plan can be made. Going step by step and analyzing the effect of each added building
a plan is formed. As the next step greenery is added to the area to reduce psychological effects of noise and minimize the
effect of traffic and ship noise. The last step is to add sound absorbing construction to entry points of closed blocks to
minimize reflected sound within the courts.
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9 Masterplan

The masterplan focuses on planning an area of a city based on noise coming from traffic and ships. The plan connects the
currently empty seaside area with the rest of Tallinn, it connects the culture kilometer with the Cruise terminal and
Linnahall with the new concert hall. Within the area, the main focus is on pedestrians as cars can not enter the area, with
the exception of police, ambulance etc.

In the quieter parts residential buildings are planned with the ground floor being dedicated to businesses to keep the area
active throughout the day and night. In the middle of the area forms a park, which adds another sea connection to the area.
The concert house is planned in a way, which allows the west side of the building be used as a stage and the park as an
audience.

The main difference from a regular masterplan is seen through noise calculations. Based on the results of the calculations
the noise levels in the cultural center are > 40 dBA. This means that trying to measure them physically would bring
complications as the background noise from trees etc is higher than noise from traffic or ships.

10 Sound in noise

The planned park offers a changing soundscape, which changes throughout the year depending on weather conditions and
seasons. In the early morning it is possible to hear ships leaving the port, when low frequency noise from ships joins with
noise from waves morphing into warm sounding waves.

During lunch time it is possible to hear socializing of people, which is supported by songbirds and the rustling of leaves,
making the park feel calm. During night time, when the wind rises, rustling of leaves becomes dominant offering the
sensation of being in a forest. During rainy periods the sound of water and rustling of leaves race to be heard.

For winter time low water level installations are planned, which allow crackling ice to form giving children and adults
alike a large playground to explore.

Throughout the year, the park can be influenced by music coming from the concert house creating a multitude of listening
positions, where the audience can choose the balance between music, nature and sounds of the city.
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Aircraft noise is a major environmental concern around many expanding airports around the world. With
increasing global travelling trends for both business and leisure, we see airports’ capacity demands
increasing each year. Communities around the airports, however, do not always welcome the airports’
expansions, because for those who do not feel the benefits it simply means a noisier living environment.
Continuing research and development on the quieter engines and improving aerodynamics are reducing
aircraft noise emission, and increasing capacity brings social-economic benefits to the surrounding
communities. Using sophisticated aircraft noise modelling software, acoustic consultants can predict how
noise levels will change in the future and can play an important role to help make aircraft operations quieter
by carefully studying the way aircraft operate in the sky (their trajectories, speed, altitude, approach angles
etc) and suggesting mitigation measures to reduce resulting noise footprints in populated areas on the
ground. This paper discusses the ins and outs of one of such software — the Aviation Environmental Design
Tool (AEDT) produced by the United States of America Federal Aviation Administration. We look into
the software’s capabilities, the strengths, the limitations, and show that properly utilized and calibrated
noise models can realistically replicate real-world aircraft operations and enable consultants to forecast
aircraft noise levels in affected communities and work with airport operators to develop operating procedure
to help mitigate noise impacts.

1 Introduction

The Aviation Environmental Design Tool (AEDT) is an FAA and NEPA approved 3D aircraft modelling software that
allows user to estimate fuel consumptions, emissions, noise, and air quality [1]. AEDT is designed to model varying scale
studies, ranging from a single aircraft operation to a whole fleet of the airport’s yearly operations at the airports all around
the world. It is a highly sophisticated software developed and supported by the FAA over many years and used on licence
to many thousands of uses in the US and around the world.

1.1 Library

AEDT built-in library offers over 33000 airports, over 3000 aircraft and helicopters and over 400 ground equipment that
are essential for airport operation for emission and noise modelling. The software also allows for bespoke airport design,
that can play a major role in planning stage of a newly built or expanding airports. Unlike most environmental noise
models, AEDT not only predicts noise propagation but also simulates aircraft take-off and landing profiles and tracks
dependent on local weather.

However, although over 3000 individual aircrafts (airframe and engine combinations) are available in the library, only
300 individual noise footprints are available, that are grouped under ANP IDs. These IDs describe aircraft’s operations
(approach, departure, circuit, touch and go) steps, flap and thrust settings, and noise emission data.

62



1.2 Basic settings

As with the majority of the noise modelling software, AEDT allows its user to enter a number of variable parameters that
encompasses the whole study, for example: weather parameters (temperature, pressure, humidity and wind speed) and
ground terrain model that all allow for more accurate noise propagation calculations. The user is also able to choose from
33 pre-defined noise and emissions prediction metrics or is allowed to define custom metrics.

2 Operational properties

Each aircraft operation within AEDT is defined by a number of properties that can vary with operational scenarios,
airframe and engine models. Aircraft routes are defined by a series of coordinates that follow the horizontal vector of the
aircraft’s flying path as shown in Figure 1 A). These single vector paths can be dispersed in an attempt simulate aircraft
real-world deviation from the centre route line as Figure 1 A) shows multiple lines dispersing from middle line.

The flight path is then assigned with speed, altitude and thrust profiles shown in Figure 1. B), C) and D) that consist of a
series of aircraft’s procedure steps defined by flap, thrust, altitude, speed and climb rate settings (changes between
procedure steps are marked on the profiles with black arrows) that are individual for each aircraft. Figure 1. B), C) and
D) show example default profiles of the Airbus A320NEO.
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Figure 1: A) Dispersed arrival (red) and departure (blue) tracks; B) Ground speed profile; C) Altitude profile; D) Thrust

profile
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2.1 Profile settings

Once the user understands aircraft operating procedures principles in AEDT, more advanced modelling can start to take
place. Aircraft profiles editing allow the user to manually change the procedure steps aircraft undertake during landing or
take-off scenarios. For example, if comparison between measured real-world aircraft altitude profile and default one from
AEDT show that aircraft in the software is gaining altitude too quickly — a number of settings can be altered to extend the
horizontal distance at which aircraft gains altitude, for example:

e Aircraft’s stage length (weight) can be increased; or
e  Aircraft’s thrust power at take-off can be reduced; or
e Aircraft’s flap settings can be altered to give slower altitude gain, but quicker horizontal acceleration; and more.

As a result, any of the settings manipulation can majorly influence the noise footprint aircraft leave on the ground and
thus allows the user to calibrate the model against the real-world measured data with the very high degree of accuracy.

The editing of the procedural steps however is heavily limited by certain rules, that must be strictly followed at all times
when adjusting the procedural settings to ensure the procedure followed is realistic. For example, one cannot expect to
force modelling the aircraft flying upside down!

2.2 NPD settings

The further advanced settings in AEDT allows the user to interact with is the noise-power-distance (NPD) curves. These
are the very fundamental information that AEDT contains on aircraft’s noise emission data. The NPD (decibel values at
the distances) are derived from aircraft fly-over measurements taken for a range of aircraft configurations and engine
power settings [2]. Along with the flight profiles, this data is key when calculating noise exposure contour maps. Similarly
as with the profiles editing mentioned above, AEDT allows its users to adjust the NPD curves (e.g. Lamax and SEL)
which together can result in both accurately calibrated aircraft flying procedure and closely matched noise footprint data.
The example of default NPD Lamax and SEL curves for A320NEO are listed in the Table 1.

Table 1: Arrival NPD Curve of Airbus A320NEO

Distance, Arrival NPD parameters, dB
feet Laviax SEL
200 90.5 92.5
400 83.4 88.4
630 78.8 85.6
1000 73.8 82.8
2000 66.1 76.9
4000 60.0 74.0
6300 42.4 69.1
10000 46.3 63.8
16000 39.1 58.3
25000 32.2 53.1

3 Example case study

The example case study was set up at Vilnius Airport to show the noise contour differences between the regular and
calibrated aircraft simulation models. Two simulations were run with a single Airbus 320 NEO aircraft operation. First
the operation has default AEDT settings, and the second one has height/altitude profiles calibrated and NPD L amax curve
adjusted to closely match the real-world measured noise contour data measured by the UK Civil Aviation Authority for
Gatwick Airport Limited.

Figure 2. A) and B) show comparison between the AEDT default Airbus 320 NEO operation profile in black and the
edited one in red that is closely matching to measured data. Figure 2. C) shows the Lamax 65dB contours for both
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operations. It can be seen, that with this particular aircraft and engine model AEDT default data simulates substantially
greater Lamax 65dB contour, compared with the contour calibrate my measurement.
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Figure 2: A) Original and edited altitude profile; B) Original and edited speed profile; C) Lamax 65dB noise contours
for original (black) and calibrated (red) single EA320NEO operation

4  The benefits of calibrated AEDT modelling

This paper presented the basic and advanced technical capabilities of AEDT modelling in one area. Configuration and
calibration of the aircraft profiles together with the NPD adjustments provide very accurate noise contours predictions,
that can majorly help in the estimation of the true noise changes around the airports with both increasing airports capacity
demands and modernising aircrafts. The software can also simulate relocation of flight tracks to displace and disperse
noise to help avoid communities.

Using AEDT software and correct methodologies provides airports around the world with a substantial amount of
information to understand the environmental noise change expected in the surrounding communities that airport
expansions bring. This then allows for better and clearer communication between the airports and local authorities and to
foresee and mitigate the change of the environmental noise.
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The Auroral Acoustics project enters its 25th year exploring further the hypothesis linking electric
discharges to auroral sounds. Over this period, instrumentation has undergone significant advancements,
evolving from a 16-bit stereo DAT to a six-channel 32-bit float recorder. A pivotal breakthrough came with
the development of magneto-acoustic triangulation, revolutionizing sound source localization and leading
to the discovery of a previously unidentified mechanism in the lower atmosphere producing these sound
phenomena. This methodological innovation laid the groundwork for the inception of the inversion layer
hypothesis, offering a compelling explanation for both auroral and meteor sounds. This paper elucidates
various formulations of the magneto-acoustic triangulation method employed throughout the project,
exemplified by recent six-channel sound and magnetic field recording which provides a new explanation
for so called frost crackling sounds.

1 Introduction

In ancient times, the enigmatic spectacle of the northern lights often intertwined with other natural phenomena
such as comets and distant lightning, blending luminous displays with rumbling sound effects. Reports of
similar sounds occasionally emerge alongside active auroras. Over a millennium later, descriptions of auroras
likened them to slow, dry lightning or celestial conflagrations. Crackling and humming noises, occasionally
audible on the ground, were readily associated with Aristotelian beliefs portraying auroras as heated material
ascending from the earth to ignite in the sky. Accounts abound with sightings of angels, fiery dragons, and
celestial armadas, evoking vivid imagery in the minds of observers. Sixteenth-century Scottish historian Hector
Boece vividly described auroras as resembling "a burning fire, as if knights in armour and on foot fought with
great force," while reports of heavenly hosts' noises and battles echoed on the ground.

The groundbreaking experiments of Benjamin Franklin, revealing the presence of electricity in the atmosphere,
challenged prevailing theories linking auroras solely to sunlight reflections. Auroral crackling sounds emerged
as evidence supporting the notion of an electric origin, fueling speculation that these celestial phenomena could
indeed be manifestations of atmospheric electrical discharges.

The hypothesis attributing auroral sounds (AS) to electric discharges near observers dates back almost as far
as the understanding of atmospheric electricity itself. Some of the earliest texts proposing this mechanism
likely originate from the years 1831 and 1834 [1,2]. Notably, Professor William C. Baker of Queen’s
University, Kingston, recounted an AS event occurring around 1884—1885 in a letter addressed to C. A. Chant,
editor of The Journal of the Royal Astronomical Society of Canada [3]. Describing the sounds as akin to "the
crumpling of stiff paper," Baker suggested they were produced by the same electromagnetic (EM) source
controlling the visible aurora. He drew parallels to the familiar noise of discharging a Layden jar, a type of
capacitor. Baker observed that the sound source must be closer to the observer than the light source, based on
the short delay between auroral movements and the accompanying sounds. Chant collected a large amount of
observation reports and summarized that a brush discharge in the vicinity of the observer could explain these
sounds [3].
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In 1933, C. S. Beals proposed an intriguing hypothesis in Nature [4], suggesting that certain atmospheric
conditions may lead to electrostatic discharges near the Earth's surface. He speculated that these discharges, if
real, might be secondary phenomena induced by processes occurring at higher altitudes, which are responsible
for the more conspicuous aspects of auroras studied by Stermer and his colleagues.

The contemporary focus remains on elucidating the mechanisms underlying the charging and discharging of
capacitor-like structures, as addressed by the recent Temperature Inversion Layer (TIL) hypothesis [5,6]. This
hypothesis posits that during calm, clear nights, warm air rises in the atmosphere, carrying negative ions from
the ground. As this rising layer encounters colder air, it forms a stable temperature inversion layer, inhibiting
vertical ion movements. Meanwhile, positive ions continuously precipitate from the ionosphere, charging the
plate capacitor-like structure located within one hundred meters of the ground. Energy for the sounds
accumulates in this layer until geomagnetic disturbances induce additional potentials, triggering the
discharging process with audible sounds.

The presence of a "Schumann fingerprint" in the crackling sounds measured provides compelling evidence of
the connection between these sounds and geomagnetic activity [7]. Additionally, magnetic field measurements
conducted by the Finnish Meteorological Institute (FMI) corroborate the causal relationship between
geomagnetism and the recorded auroral sounds [6].

Electric discharges occurring in the atmosphere manifest in various forms, generating not only sounds but also
EM radiation, ultraviolet light, and ozone. These discharges induce electric currents that, in turn, produce
magnetic field pulses (M-pulses). Recognizing the need for a method to localize and study the physical
properties of these magneto-acoustic sources in the atmosphere, the Magneto-Acoustic Triangulation method
(MAT) was developed.

The assumption that purely acoustic methods alone might not suffice for solving this problem was validated.
While ground-based observations allow for relatively accurate estimation of the direction of sound sources in
the sky, determining their altitude, particularly close to 100 meters, presents a more formidable challenge.
MAT addresses this challenge by combining two key ideas: utilizing the magnetic field component to estimate
the distance of the magneto-acoustic source in the atmosphere and providing evidence that the sounds are
indeed caused by electric discharges.

This paper elucidates the methodological advancements made throughout the extensive Auroral Acoustics
project, with a focus on the recent MAT method and its novel findings. Notably, the shape of the magnetic
field pulse associated with the sound is of particular interest. Horizontal magnetic field components (Mx and
My) offer a more accurate representation of the discharge pulse's waveform compared to the previous reliance
on the Mx component alone. The resulting M-pulse exhibits a triangular or pyramid-like shape with a duration
of approximately 30 milliseconds, aligning well with the envelopes of the produced sounds.

2 First experimentations

The Auroral Acoustics project commenced in the spring of 2000. At that time, the most advanced portable
digital audio system available was a stereo DAT-recorder with 16-bit resolution. One channel of this recorder
was dedicated to capturing data from a Briiel & Kjer measuring microphone positioned at the focal point of a
parabolic reflector, while the other channel recorded signals directly from a 5.2-meter-long vertical VLF
antenna [8]. This rudimentary setup, dubbed the "VLF recorder," was compared to a commercial device and
demonstrated unexpectedly robust performance. Despite this promising start, data collected between 2000 and
2005 using the VLF antenna await thorough analysis. The initial enthusiasm waned as it became apparent that
even if a correlation between the sounds and VLF measurements were established, it would offer limited
insight into the underlying sound production mechanism or the precise location of the sound source. However,
recent comparative studies involving the VLF antenna and a loop antenna have yielded similar results, also
predicted by the basic electromagnetic theory, motivating for revisiting and reevaluating this early dataset.
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The initial phase of the Auroral Acoustics project concluded in 2005 amidst several setbacks, including the
rejection of multiple grant applications. It became increasingly evident that the methodologies employed were
insufficiently sophisticated to address the complexities of the problem at hand. Nevertheless, a renewed phase
of activity gradually took shape in 2011. The advent of new four-channel digital recorders with 24-bit
resolution, coupled with the maturation of a novel approach for integrating audio recorders into VLF
measurements, spurred this revival. A specialized type of VLF loop antenna was developed, featuring a
symmetric output mirroring typical microphone signals. This innovation enabled direct connection of the loop
antenna to a low-noise microphone preamplifier, marking the inception of the first iteration of the MAT
method, which incorporated three microphones and one VLF loop antenna. This method yielded initial
estimates for the location of the sound source [9], leading to the discovery of a previously unknown sound-
producing mechanism in the lower atmosphere. The revelation of such a sound source beneath a clear sky in
the lower atmosphere was met with surprise and it took the time to explain this novel observation.
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Figure 1. The MAT method realized by three microphones and a VLF loop antenna.

3 MAT method

The instrumentation utilized for sound source localization with the MAT method between 2012 and 2022 is
illustrated in Figure 1. The X-microphone employed is the Briiel & Kjer 4179 with preamp 2660, while the L
and R microphones are Sennheiser MHK8020 models. The Mx component is recorded by the VLF loop
antenna.

The MAT method involves several phases, each necessitating digital signal processing:

1. Estimation of Arrival Time Differences: The arrival time differences of the audio pulses, represented as
t. — tx and g — tx, are determined from the microphone signals. Utilizing the speed of sound at the relevant
temperature, the distances Arx and Arx can be calculated.

2. Geometric Solution for Source Location: With the distances between the microphones known, a set of
potential source location points can be geometrically derived. These points form a trajectory along which the
source is expected to be situated. At this stage, the direction of the source is estimated, though its distance from
X remains unknown.
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3. Determination of Source Distance: The final step involves calculating the distance between the source
and the X microphone (rx). The arrival time difference between the M and X signals provides an estimate of
the sound pulse transit time. Subsequently, rx is determined using the equation rx = ¢ #xm, where ¢ represents
the speed of sound and #xw signifies the arrival time difference between the sound at microphone X and the
magnetic pulse M.

Recent tests employing four microphones on the ground have revealed that this configuration, relying solely
on acoustical triangulation, fails to provide accurate estimates for the altitude of the sound source. The
limitation arises from the absence of a microphone positioned high in the atmosphere—a logistical challenge
yet to be overcome. Intuitively addressing this issue, the MAT method replaces one microphone with the M-
field sensor which performs like a virtual microphone locating right next to the sound source. This strategic
substitution enables accurate estimation of sound source distances, contingent upon the successful association
of magnetic field pulses with their acoustic counterparts.

While conceptually straightforward, the practical implementation of the MAT method demands sophisticated
signal processing due to frequently low signal-to-noise ratios of both the sounds and M-pulses. Arrival time
differences between pulses at X and L, as well as X and R, are resolved through cross-correlations. A clean
signal segment from X (the B&K model) facilitates the accurate identification of similar segments in the noisy
L and R signals (microphones with higher internal noise). It is therefore essential that even one of the
microphones is of the highest quality.

When localizing sound sources such as clapping, popping, or crackling, it's possible to attenuate environmental
noises and improve the signal-to-noise ratio by focusing on the energy concentrated in the 0.7-2.5 kHz
frequency band. Occasionally, the calculated time difference between acoustic pulses exceeds the time it would
take for sound to travel between microphones, indicating erroneous data that must be discarded. Associating
sound pulses with M-pulses benefits from the polarity of the M-pulse, which reveals the location of the
magneto-acoustic source in a half-space. When multiple M-pulse candidates precede a sound, this polarity
information aids in selecting the correct candidate. Sound sources are typically localized within a single layer
situated in the temperature inversion structure, a fact that can inform the association of M-pulses with sound
pulses. Furthermore, comparing the RMS values of M-pulses with those of sound pulses provides a means to
assess result quality. Under optimal conditions, this correlation is typically high, serving as additional evidence
supporting the causal connection between sounds and electric discharges [5].

The recent iteration of the MAT method utilizes four microphone signals and two magnetic field signals, all
recorded at a sampling rate of 48 kHz and in 32-bit float mode. The subsequent chapter presents an example
of sound source localization using the MAT method.

4  Example of recording at Fiskars village Jan 16, 2024 — Frost crackling?

The ambient temperature at Fiskars Village (Raasepori, Finland) on January 16, 2024, ranged from -17 °C in
the afternoon to as low as -25 °C around local midnight, rising to -15 °C at 5 AM, and then returning to -17
°C by 9 AM. Throughout the night, winds remained calm at 2 m/s, with air pressure stabilizing at 1000 hPa
and humidity reaching 80%. Despite the absence of significant geomagnetic activity, with the Kp index
fluctuating around 1-2 and the Kyoto Dst index ranging from -5 to 4, ideal weather conditions prevailed for
the formation of a robust inversion layer.

A decision was made to capture the tranquility of this night without active auroras. However, contrary to
expectations, the night was far from silent. Over the course of the ten-hour recording, commencing at §:23 PM
local time, nearly three hundred distinct sound events were identified. These events exhibited an average sound
pressure level (SPL) of 57 dB (measured over a 35 ms window), with the most intense reaching over 70 dB.
The abundance of sound phenomena surprised us, prompting speculation that they might be attributed to "frost
crackling" sounds generated by snow, ice, trees, buildings, or other mechanical structures nearby.
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While frost crackling sounds have often been assumed to originate from natural environmental elements, such
as trees or ice formations, our findings cast doubt on this explanation. Forestry specialists assert that frost
cracks in trees are rare occurrences, suggesting that the sheer volume of observed sound events cannot be
solely attributed to this phenomenon [11,12]. Consequently, a deeper investigation into the recordings was
warranted.

Utilizing four microphones and two magnetic field sensors, we initially attempted to determine the locations
of the sound sources through purely acoustic triangulation. However, this approach proved challenging.
Subsequently, the MAT method was adapted and applied, enabling the localization of sound sources at nine
different altitudes, ranging from 40 m to 120 m, with 10 m increments. To identify sound candidates, the ten
largest M-pulses were extracted from the envelope (Env) of the M-field signals using the rule:
Env=Abs[Mx+I*My], leveraging the orthogonal components of the M-field, Mx and My.

Interestingly, all obtained pulseforms exhibited an isosceles triangle shape, resembling a pyramid, with a pulse
length close to 30 ms (Figure 3). In contrast to previous Mx based studies where M-pulse shapes varied widely,
the utilization of both Mx and My signals provided a consistent and reliable method for defining the true M-
pulse shape. The obtained M-pulse shape is consistent for all sound events which significantly enhances the
localization accuracy. Furthermore, the correlation between M-pulse and sound envelope shapes was notable,
with correlation coefficients (r) exceeding 0.95 in many instances. Only those M-pulses are accepted for the
final phase which are coming from the direction of the associated sound source. Finally, the source distance is
trimmed based on the associated M-pulse time difference (fvx) keeping the direction unchanged.

Automatic clustering of the sound events found active layers at different altitudes revealing a stratified
structure within the lower atmosphere. Particularly intriguing was the similarity between the sharp clapping
sounds originating from the 70 m layer and the auroral sounds recorded in previous studies at the same location
and almost from the same altitude. Approximately two hundred localized sound sources, reliably linked to
corresponding M-pulses, were identified, shedding light on the nature of sound phenomena in the lower
atmosphere. Figure 2 illustrates the distribution of these sound sources across altitude layers.

Figure 2. With the help of associated M-pulses localized sound sources. A hundred meter long blue arrow
points north. The microphone array is in the middle. Left: side view. Right: Top view.
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5  Sumary and discussion

The MAT method has undergone evolution across various phases of the Auroral Acoustics project. It addresses
the challenge of estimating source altitude by providing a virtual microphone positioned proximately to the
source. Additionally, it offers compelling evidence supporting electric discharge as the mechanism behind
sound production. Given that all other potential sound sources in the environment are purely acoustic and not
magneto-acoustical, this method serves as an excellent tool to differentiate them from those originating in the
TIL.

The recorded horizontal components (Mx, My) of the magnetic field have provided a dependable solution for
the shape of the M-pulse, resembling an isosceles triangle. In earlier studies, this shape was merely one among
many forms obtained through the coherent sum method with varying criteria. Understanding the true form of
the M-pulse may facilitate a more detailed model of the inversion layer discharge process in future research.

The calm and clear night of January 16, 2024, presented an exceptional opportunity to study processes within
the TIL. The SPL of the recorded sounds varied around 60 dB and tens of the sound sources had SPL around
90-100 dB. Presently, it remains unclear whether the sounds are linked to geomagnetism, despite minimal
variations in these parameters. Alternatively, the TIL may exhibit spontaneous charging and discharging
without additional geomagnetic support under favorable weather conditions. Future studies aim to elucidate
this aspect.

Previously, frost crackling was often used to dismiss auroral sounds, attributing them to natural elements such
as forests, ice, or man-made structures. However, our study reveals that the majority of these crackling sounds
originate directly from the clear, open sky above. While it's straightforward to associate sounds with auroras
when they synchronize with visible auroral movements, our findings indicate that both auroral and frost
crackling sounds are similar and created by electrical discharges in the TIL.
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Mr Paavo Arni (1905-1969) was a central influencer in the field of acoustics in Finland since the 1940’s
until his death. Paavo Arni ran an engineering office specialized in acoustics, but he was also active in
education, founding of the Acoustical Society of Finland, preparing regulation concerning sound insulation
of apartment buildings as well as occupational noise. He also supported research on acoustics in Finland
and internationally, too. In addition, he was the author of the first Finnish handbook on acoustics published
in 1949. The base of the wide range of activities of Paavo Arni was possible because of his main work at
the Finnish Broadcasting Company YLE. He began as a studio manager in 1931 and ended his career as a
technical director of YLE. Construction of studios provoked a need for knowledge on acoustics. Paavo Arni
started to form international connections with other broadcasting companies and with acousticians in the
1930s by making visits, attending conferences and hosting international experts’ visits in Finland.

1 Introduction

Paavo Arni (1905-1969) graduated in 1930 as a Master of Science in Technology from the Department of Mechanical
Engineering of the Helsinki University of Technology, but he only worked for a short time in the mechanical engineering
industry. During the Great Depression, Arni could not find work in his own field, and he ended up working for the Finnish
Broadcasting Company as a studio technician in 1931. The engineers of the Finnish Broadcasting Company had to
familiarise themselves with acoustics when designing the studios. Knowledge of acoustics was thus focused in the Finnish
Broadcasting Company, where an acoustics laboratory was built in the basement of the Radio House (1934) to measure
the acoustic properties of structures and materials. [1]

Paavo Arni has been featured in research literature from the point of view of the Finnish Broadcasting Company, in which
he held several significant positions. For example, in 1952, he was responsible for the radio broadcasting of the Helsinki
Olympic Games around the world (Fig. 1) and, at the end of the decade, for the launch of the Finnish Broadcasting
Company’s television operations [2]. During his career at the company, he progressed to become Chief Engineer in 1952
and then Technical Director in 1964 [1]. Arni’s work as an acoustics expert, on the other hand, is only briefly mentioned
in research literature. His activities have been described a little more extensively in one area of acoustics: in research on
the technology transfer that led to the creation of sound insulation regulations for residential buildings. Paavo Arni played
a key role in the technology transfer that took place in the absence of domestic research [3]. Paavo Arni’s work as an
acoustics expert took place in an era when the advancement of industrialisation and urbanisation in Finland made noise
caused by machines, traffic and housing a social problem that had to be solved in some way. At the same time, there was
also a need for acoustic expertise because theatres and orchestras that had previously performed at town halls, clubhouses,
community centres, workers’ halls or community halls began to be municipalised, and performance facilities were built
for them. In the 1940s, people also started paying attention to the acoustics of schools. [1]

The purpose of this article is to present Paavo Arni’s work as an acoustics expert through his international connections.
This article examines how Arni networked with international acoustics experts and how he acquired information about
acoustics and conveyed it to Finland. The article focuses on Arni’s activities especially in the fields of building and room
acoustics and noise abatement. Electroacoustics is excluded from this article. Similarly, Arni’s activities at the Finnish
Broadcasting Company are not discussed except in relation to building and room acoustics. The article is based on a wider
work on life’s work of Paavo Arni [1]. Thus, apart from Arni’s own articles, the Finnish references are mainly not cited
in this article, but they can be found in reference [1].
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Figure 1: Paavo Arni demonstrates his aquarium, a water model built to
study the acoustics of the upcoming concert hall in 1946. The hall was
never realized. Source: Finnish Broadcasting Company Yle Archives.

2 Formation of Arni’s international networks

The construction of the Finnish Broadcasting Company’s studios required knowledge of acoustics, but there was no
research and teaching in acoustics in Finland in the 1930s [4]. Therefore, knowledge had to be acquired from elsewhere
through technology transfer. One form of this is study trips abroad, which Paavo Arni frequently had in various positions
at the Finnish Broadcasting Company from the 1930s onwards. The newspapers reported Arni’s travels abroad in great
detail and quoted his enthusiastic reports of the sound insulation, room acoustics and noise abatement solutions he had
seen on the way. [1]

An example of how technology developed abroad was transferred to Finland is adjustable room acoustics. In 1946, a new
music hall was planned for the Finnish Broadcasting Company in an old military building, the Riding Hall of the Guard
in Helsinki. Arni told to the press that he had recently made a “quick expedition to similar buildings abroad” and
continued: “I travelled to Copenhagen and Brussels.” In the recently completed radio buildings in these cities, his attention
was drawn to the fact that the concerts broadcast were not played in studios but in concert halls located in the radio
buildings. In Brussels, he was interested in the fact that the studio could “automatically change the acoustics”, i.e. use
electric motors to rotate hexagonal columns covered with different sound-absorbing materials to the positions required to
achieve the ideal reverberation time for the performance. [1] The project of converting the old Riding Hall into a 600-seat
concert hall was soon dropped, but plans for a music studio continued. In 1949, the Finnish Broadcasting Company’s
“hall with changing acoustics” was introduced to the press, mentioning that it was unique in the Nordic countries. The
hall featured structures that could be turned by hand to adjust the reverberation time to suit different purposes. Arni (Fig.
2) predicted that “construction plans for larger halls in the next few years will use the ‘invention’ now being tested.” This
did happen: in the early 1950s, the new buildings of the School of Business and Hanko City Hall were completed, and
Arni had designed adjustable acoustics for both of them [6].

After developing the Finnish application of adjustable acoustics, Arni did not keep it to himself; in 1950, he published its
principle in a Finnish architectural journal in his article on the acoustics of the new building of the School of Business. In
the same year, he published an article on the subject in The Journal of the Acoustical Society of America [7]. In spring
1950, Arni gave a presentation on “changing acoustics” at an international acousticians’ meeting in Marseille. As a result,
a group of English acousticians visited Finland in the summer of that year to learn more about this technique [1].
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The above shows how Arni networked with foreign acousticians. Thanks to the networking, in the 1940s and 1950s, the
meetings of the Acoustical Society of Finland featured presentations by three Danes — Dr. Per Briiel, founder of an
acoustic measuring equipment company and assistant professor at Chalmers University of Technology, Dr. V. L. Jordan,
leading room acoustics expert in the Nordic countries, and Professor Fritz Ingerslev — as well as Swiss Professor Willi
Furrer. During a trip to the United States to study acoustic laboratories in spring 1948, Arni met Leo Beranek, the
American regarded as the most important acoustician of the 20th century. During the trip, he visited the acoustic
laboratory at MIT, where Beranek was working at the time. At the International Congress of Acousticians in London in
summer 1948, Arni met Beranek again. Late that same summer, Beranek made a visit to Finland, hosted by Arni, and
mentioned it in his memoirs published 60 years later [8].

By the beginning of the 1950s, Paavo Arni had achieved international fame to the extent that, in autumn 1951, he was
invited to London to listen to the problematic acoustics of the newly completed Royal Festival Hall at a test concert [9].
The building was one of the first large concert halls built after the Second World War, and its design had aimed to follow
up-to-date guidelines on acoustics as closely as possible [10]. Of the 18 members of the international group of experts
that evaluated the acoustics of the originally 3,404-seat concert hall, Arni was among the most critical [9]. The
international appreciation for Arni is also shown by the fact that Professor Willi Furrer, after visiting Finland in 1953,
published a spectacularly illustrated article on Arni’s design work in the Schweizerische Bauzeitung [6].

3 Organisational duties and publications

A visit to Helsinki in 1942 by the German Dr. Hans Joachim von Braunmiihl proved to be very important for the
development of acoustics in Finland. The visit was related to the Finnish Broadcasting Company’s project to construct a
new radio building to replace the quickly overcrowded premises from 1934. An expert in acoustics and broadcasting
technology, von Braunmiihl gave a presentation for the company on the acoustic design of buildings, sound insulation,
room acoustics and the acoustic properties of building materials. The presentation was published as an extensive two-part
article in a Finnish professional journal, translated by Arni [1].

The radio building project was dropped during the war, but von Braunmiihl’s presentation generated so much interest and
enthusiasm for acoustics that, on 25 August 1942, a meeting was held at the Finnish Broadcasting Company, attended by
11 experts from various fields of acoustics, from both business life and research institutions. Paavo Arni had prepared a
proposal for the meeting that “a society should be established in Finland whose task would be to carry out research and
measurements in the field of acoustics and to carry out educational work among certain circles.” All participants supported
the establishment of the society and, at the end of the meeting, an ad hoc committee was set up to draw up rules for the
society. Paavo Arni was elected secretary and convener of the committee. [1]

After the committee had completed its duties, the founding meeting of the Acoustical Society of Finland was held on 29
March 1943, during which the rules of the society were approved. According to them, the society was to organise
meetings, presentations and lectures, promote research in the field and the distribution of professional literature, engage
in publishing and advisory activities and develop Finnish vocabulary in the field. Paavo Arni was elected a member of
the Board of the society. He served as a member of the society’s Board for three periods totalling 26 years, 15 of them as
Chairman. [1]

The Acoustical Society of Finland became one of the channels for technology transfer. Although technology transfer
relies to a large extent on the actions of individual people, the connections between them and their mobility, contact
between individuals is not enough to make it happen. In order to adopt the technology, a more general interest is needed,
and the activities must be well-organised [11]. The Acoustical Society of Finland provided the necessary framework for
the promotion of acoustics. During its first ten years of operation, eight foreign experts lectured at its meetings. Arni
himself gave nine presentations during the same period, at least four of which were based on his trips abroad. [1]

Arni’s most important literary work is a textbook published in 1949, Kdytinnéllisen akustiikan perusteet (The Basics of
Practical Acoustics) [12], which remained the only Finnish textbook in the field for over a decade. It was also the result
of Arni’s contacts abroad and visits by international experts to Finland: of the 61 titles in the book’s bibliography and
recommended literature, 20 were from Germany, 13 from the Nordic countries, 10 from the United States, and the rest
from the United Kingdom, the Netherlands and Switzerland. There were only six Finnish references. Based on his book,
Arni also lectured on an acoustics course at the Helsinki University of Technology in the 1950s [4]. The development of
teaching was on the agenda of the Acoustical Society of Finland during the time that Arni was on its Board [1].

In the 1950s, Paavo Arni’s organisational duties expanded outside Finland. He attended the first International Congress
on Acoustics (ICA) in Delft in 1953 [1]. Towards the end of the congress, the representatives of the four Nordic countries
gathered together and decided to establish a Nordic acoustical society under the name Nordiska Akustiska Sdllskapet
(NAS) [13]. The Acoustical Society of Finland appointed Paavo Arni as Finland’s representative to the Board of the
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Nordic society [3]. After the success of the NAS test conference held in Copenhagen in 1954, the first actual Nordic
conference was held in Helsinki in 1956, as the Acoustical Society of Finland was the oldest national society in the field
in the Nordic countries [13]. The conference was opened by the Chairman of the hosting society, Paavo Arni. When the
ICA congress was held in Copenhagen in 1962, the NAS was responsible for organising it. The advisory committee of
the congress was composed of members of the Boards of the national member societies. Finland was represented by
Paavo Arni and two other Finns [14].

4 Committee and research work

At the initiative of the Acoustical Society of Finland, the Government appointed a committee at the beginning of 1945 to
prepare legislation to reduce the harmful effects of noise at workplaces. Paavo Arni was invited to be a member of the
committee but, after the death of the Chairman of the committee, he was appointed as the new Chairman in 1947 [1]. At
this time, Arni’s study trips abroad were to sites that were important in terms of hearing protection. For example, during
a trip to Sweden for a presentation at a radio association meeting in Stockholm in 1945, he studied the “magnificent work
done at the ASEA factory in Visterés to suppress the high levels of noise in the factory and offices”. Between 1948 and
1949, he made three trips abroad in connection with the work of the noise abatement committee: in April 1948 to the
United States to study acoustic laboratories and “the protection of workers against noise”, in July 1948 to the International
Congress of Acousticians in London, and again to London in September—October 1949. The experts that Arni met during
his travels provided the Committee with research literature in the field [1].

Later, Arni was involved in an international committee relating to noise. Since the early 1950s, he had been involved in
motor vehicle noise measurements and, when the NAS started developing a measurement standard in 1956, Arni was
appointed as the leader of the standard workgroup. The workgroup’s proposal later served as the basis for the international
ISO standard [13].

In 1947, the Board of the Acoustical Society of Finland decided to approach the Ministry of the Interior with a letter on
“the drafting of sound engineering standards for house builders”. This had been influenced by the fact that, at the society’s
meeting in the spring of the same year, Dr. V. L. Jordan from Denmark had given a presentation on the regulations
concerning sound insulation and noise abatement in various countries. The secretary of the society, Paavo Arni, submitted
Jordan’s presentation to the press, translated into Finnish, with the title Current legal rules and standards concerning
noise and sound insulation in different countries. A proposal for a committee for the drafting of domestic standards was
submitted to the Ministry of the Interior in spring 1948. [1]

Achieving sound insulation standards proved to be a long-lasting project, whose important milestones were the sound
insulation research committee in 1952—1955 and a committee established in 1957, which drafted a proposal for sound
insulation regulations published in 1960. Paavo Arni was invited to be a member of both committees. The achievement
of sound insulation regulations is probably societally the most significant project initiated by the Acoustical Society of
Finland, resulting in the improvement of sound insulation in homes and thereby affecting the daily lives of millions of
Finns. The project was completed in 1975, when the National Building Code of Finland was published. [15]

Arni did not only use his networks to transfer information from abroad to Finland, but he was also able to support research
elsewhere [9]. For example, he was involved in organising Leo Beranek’s second visit to Finland in 1960, when Beranek
was writing the first version of his famous book on concert halls [8, 16]. During his trip, Beranek visited the University
of Helsinki’s festival hall, which had been rebuilt and expanded in 1945, as well as the Helsinki House of Culture and the
Turku Concert Hall. Arni was responsible for acoustics in all these projects. At the time, the Turku Concert Hall appears
to have had a good international reputation, and thus it and the House of Culture were introduced in Beranek’s book [ 16].

In the early 1950s, the diffusion of the sound field in a space was a subject of interest to researchers, since it had been
observed that the smooth surfaces favored by the architecture of the era did not provide listeners with the same experience
of acoustics as old concert halls did, even if the reverberation time was the same. Arni defined the matter as follows: “In
old halls, the sound is reflected from broken surfaces, columns, recesses, balconies, etc. as irregularly as possible,
diffusively, which again means as even a reflected sound field as possible throughout the hall, i.e. balanced and good
audibility. In a modern hall, special diffusers are used in an attempt to achieve this diffusion [...]”. Convex spherical
surfaces had been arranged on the surfaces of the festival hall of the Swedish School of Economics designed by Arni and
finished in 1953, and vertical wavy and prismatic surfaces had been placed on the side and back walls. Arni’s article in
the architectural journal in 1955 is apparently the first Finnish text describing diffusion. [1]

Among the researchers Arni met in London in 1951 [9], Professor Willi Furrer and Professor Erwin Meyer from the
University of Gottingen studied diffusion in the early 1950s. Furrer also gave a presentation on the subject at a conference
in Delft in 1953 [17], attended by Arni. In an article in 1955, Arni said that a research group at the University of Gottingen
was studying diffusion in acoustically interesting halls. The festival hall of the Swedish School of Economics was also
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measured in this context, and so was the Turku Concert Hall. Paavo Arni was involved in arranging access to both spaces
for the group of researchers, for which Meyer and Thiele thanked him in a scientific article they published in 1956 [18].

5  Arni as acoustical designer

Paavo Arni’s design work includes concert halls and theatres, sacral buildings, educational institutions, office buildings
and hotels. They were designed by leading Finnish architects of their time, and Arni seems to have had long-term
cooperation especially Kaija and Heikki Siren. Of Alvar Aalto’s projects, Arni was involved in designing the acoustics
of the House of Culture, and he also started design work for the Finlandia Hall before his death. Abroad, Arni participated
in the design of the Brucknerhaus Concert Hall in Linz and the studios built by Austrian Radio in Salzburg, Innsbruck,
Dornbirn and Linz [19].

Paavo Arni described his design work methods in his book Kdytdnnéllisen akustiikan perusteet (The Basics of Practical
Acoustics) [12]. According to Architect Alpo Halme, who worked in Arni’s office, the book “contained almost all the
relevant information that existed at the time.” [19] In terms of measurement methods, Arni refers in his book to the
German DIN 4110 standard from 1938, and he presents a mass law formula for the calculation of airborne sound
insulation. For room acoustics design, the book presents formulas by Sabine, Eyring and Millington for calculating
reverberation time. In addition, there are tables and diagrams on both topics with recommendations for different spaces
and material properties. Arni also introduces the use of geometric room acoustics in design and the light and water models
used by the Finnish Broadcasting Company. Geometric room acoustics were used by him in the design of the rebuilding
of the University of Helsinki’s festival hall. [1]

The water model was used in the discontinued project of converting the Riding Hall of the Guard into a concert hall for
the Finnish Broadcasting Company. Arni explained the water model to the press in 1946: “A metal basin has been made
that closely follows the shape of a concert hall, and its bottom is made of glass. There is also a metal ball hanging at the
end of a kind of lever. The metal ball corresponds to a sound source in tests made with this water model. When it touches
the surface of the water, waves are formed on the surface that correspond to sound waves. By observing these, we can see
how sound waves are reflected from the surfaces of the room.” It was also also reported that the Finnish Broadcasting
Company’s personnel had named the water model “Arni’s aquarium” (Fig. 1). [1]

When Arni started his work, there were yet no international standards for acoustic measurements, but he lived to see
measurement standards published for most conventional measurements. The magnitude of the change is illustrated in an
article published by Arni in 1944, in which he describes reverberation time measurements in concert halls. At the time
when Arni wrote his article, an orchestra was used as the sound source, and works suitable for measurements included
“for example, the end of Sibelius’s 5th symphony, the first bars of Beethoven’s Coriolan Overture, the beginning of
Bach’s Toccata and Fugue in D Minor.” In all of these works, fortissimo sections are followed by rest, during which the
reverberation time could be measured from the decrease in sound pressure. [1]

6 Conclusions

The above is an account of Paavo Arni’s work as an acoustician and his international networks, created on the basis of
written sources. In recent decades, the history of technology has been dominated by ideas about the social construction
of technology [20], with little attention being paid to the influence of individuals on the development of technology.
According to the sources available, Paavo Arni seems to have been an exceptionally influential person in his field. Arni’s
design work does not necessarily differ in significance, scope or difficulty from the work of other Finnish acousticians
who worked at the same time. What sets him apart from his contemporaries is his broad scope and apparent desire to
acquire and share information as well as to promote the development of the field of acoustics and the creation of better
sound conditions in Finland. This also made him the first internationally known Finnish acoustician who, through his
extensive contacts, was able to convey the latest research information to Finland, where the chair of acoustics was
established only after his death [4].

Paavo Arni’s main occupation in the fast-developing broadcasting industry provided opportunities to establish contacts
with international acoustics experts at conferences and on study trips and by hosting visits by foreign experts in Finland.
Young Arni’s aim seems to have been to learn about different fields of acoustics and convey information about them to
Finland. Subsequently, he seems to have sought to alleviate the social problems associated with sound conditions that
were developing, as exemplified by his work in the noise abatement and sound insulation committees. His work thus
ranged from practical design work to societal influence. Some of the things he advocated became reality only after his
death, such as the issuing of sound insulation regulations [1, 3].
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A key part of Paavo Arni’s career and achievements was the international network of experts that he had formed since
the 1930s, which enabled the transfer of technology to Finland, where there was not much teaching and research of
acoustics in the absence of a chair. Mr Juhani Borenius, who worked under Arni at both the Finnish Broadcasting
Company and Arni’s engineering office, assumed that Arni’s mobility in international circles was made easy by his
diverse language skills and his childhood environment in the multicultural city of Vyborg. Although Arni managed to
achieve a lot and was efficient in all his duties, his work was left unfinished: Paavo Arni died in spring 1969 at the age of
64, and his plan to focus on acoustic design during retirement did not materialize [1].
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The French pavilion of the Student Centre in Zagreb was built in the 1930s as a part of what was known as
the Zagreb Assembly, serving as the exhibition pavilion of the Republic of France. Designed by French
architects and built by local contractors, it boasts some revolutionary and unique design solutions and
construction techniques. It was fully restored in 2014 and is considered a protected cultural heritage
building of immense architectural and cultural value. Today, the pavilion is used for a broad range of events
of scientific, educational, and cultural nature, such as exhibitions, concerts, meetings, receptions, banquets,
graduation ceremonies, etc. Unfortunately, the acoustics of the pavilion is unfavourable for any kind of
speech- or music-based events due to its circular shape and hard finishing materials. This results not only
in excessive reverberation, but also in very strong echo, both having severe negative impact on the
intelligibility of the spoken word and on the clarity of the performed music. This paper presents the
challenges in improving the acoustics of this space in the frame of the very limited range of interventions
that are allowed by the conservation experts. The current state of room acoustics was diagnosed by means
of room acoustic measurements, and the 3D model of the space was built for the purpose of simulations.
Although suboptimal, a solution was found that conforms with all the imposed limitations and is expected
to considerably improve the acoustics of the pavilion, thus significantly increasing its functional value.

1 Introduction

Although it is vital in the design and construction of a building, room acoustic design often proves to be a challenging
part of this work due to numerous reasons, even though at the design stage a wide range of options is available and at the
disposal of the multidisciplinary teams that include architects, acousticians, and other experts in their respective fields.
For example, in 32 years of Croatian independence, no rule or regulation has existed that would enforce the obligation to
include room acoustic design into design projects or the implementation of any kind of acoustic treatment in rooms,
regardless of their use. Consequently, room acoustics design is often left to the conscience of architects, most of whom
do not see it as a design issue, and the ones who do are often overruled by investors as there is no legal obligation to
implement these design measures. The situation is currently changing for the better, as a new Technical Regulation on
Acoustics in Buildings is being developed at this time that will set the room acoustics criteria according to the HRN DIN
18041:2024 standard [1], and the method of calculating the reverberation time as the relevant parameter is to be stipulated
by HRN EN 12354-6:2005 [2].

In buildings that require restoration or refurbishment, the challenges prove to be even greater, as the range of options that
are available and implementable in such buildings is often quite narrow, as it is defined by the existing appearance of the
rooms that require acoustic treatment, and both the investors and the architects strive to preserve the original appearance
of the building.

A special category of buildings are the ones that are under protection as cultural heritage. An architect is legally required
to obtain a license to be able to work on buildings of this category. The requirements set by conservation bodies on any
work done in or around such buildings (restoration or otherwise) are immensely detailed and strict and are to be followed
to the letter. From an engineering perspective, the requirements are sometimes driven to the point of the absurd, as they
are focused on preserving the original appearance of the building, while the functionality of the building for its intended
purpose is often overlooked.
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This paper presents a case study of the room acoustical properties of the French pavilion of the Student Centre in
Zagreb [3], which falls into the category of cultural heritage of Croatia protected at the highest level. The original design
of the building did not account for the acoustics of its interior, and the restoration work that was carried out was focused
on preserving the constructional and aesthetic details. Thus, profoundly bad acoustic conditions remained one of its
hallmarks. This case study was made on request of the University of Zagreb as the current manager of the building. It
includes the diagnostics of the current room acoustical conditions in the building through measurement, and the proposal
of an acoustic solution that would adhere to very strict requirements set by conservation bodies, the investor, and even
the architect in charge of restoration. The view of the architect that “people will be swept off their feet by the sheer visual
grandiosity of the building and will be prone to tolerating its bad acoustics” was an additional motivation to commence
with this project, as the experiences from practice show otherwise.

2 The history of the French pavilion

The French pavilion was built in 1937 as a part of the Zagreb city fair known as the Zagreb Assembly. Serving as the
exhibition pavilion of the Republic of France, it was designed by the French architect and urbanist Robert Camelot of the
Jacques and Paul Herbé architectural bureau, and the structural engineer Bernard Lafaille. The construction of the building
was entrusted to local contractors led by the Faltus Brothers construction company from Zagreb.

The pavilion boasts some unique engineering innovations regarding its extremely lightweight construction. Due to these
innovations the building has earned the status of the protected cultural heritage of the highest level and was entered into
the Registry of cultural heritage of the Republic of Croatia in 2003.

Despite its status, the history of the French pavilion has been quite turbulent. It retained its original purpose as an
exhibition building only until 1956, when the Zagreb Fair was relocated to a more suitable location, and the present one
was used to form the Student Centre as the central location for young academic population in the city. Unfortunately,
from that point on, no sensible use has been found for this building other than the storage facility for timber, office
equipment, furniture, and stage equipment of the theatre that was also a part of the Student Centre. In the 1990s, the
building was used as a theatrical stage space for a short while, after which the use of the pavilion was forbidden for any
purpose due to poor state of the building. The building suffered from several poorly designed and executed construction
details from the start (faults in the roof construction, poorly designed water drainage within the building, poor quality of
wooden panelling), which, accompanied with a lack of proper maintenance, ultimately led to the building falling into
disrepair.

Over the years, several attempts were made to induce the restoration of the French pavilion in form of elaborate restoration
projects written in 1963, 1982, and 1992. None of these projects ever reached the execution stage. The latest attempt to
restore this piece of cultural heritage was initiated in the late 2000s, and the comprehensive restoration work was finally
finished in 2014, thus marking the beginning of the new life for this architectural masterpiece. The restoration included
numerous stages of construction restoration that were executed to improve the structural stability of the building and to
meet the requirements set by modern standards in construction, but utmost care was taken to preserve the visual
appearance of the building, as well as the essence of the engineering innovations that were built into it.

As a part of the Student Centre, the French pavilion is now used for different kinds of events under the auspices of the
University of Zagreb, such as graduation ceremonies and similar events, exhibitions, meetings, concerts, etc. The use of
the pavilion is permitted for other types of events, provided that it does not result in damage to the building as a cultural
heritage.

During its existence, the acoustics of the French pavilion has never been investigated as an issue or even considered as a
design goal that needs to be achieved. However, in 2023 an initiative came from the Chancellor’s office at the University
to address this issue, as it became clear that the acoustical conditions in the building are appropriate neither for any kind
of event that relies on the intelligibility of the spoken word, nor for events that include musical performance.

3  The design of the French pavilion

The design of the French pavilion is based on an essentially circular footprint defined by twelve steel columns with a
diameter of 80 cm regularly spaced along the perimeter of a circle that is 29.6 m in diameter. The lightweight self-
supporting roof construction has a total mass of only 18 kg per square meter of covered space. It rests on these perimeter
columns with no additional support inside the building and is shaped as a shallow inverted cone with a truncation that
houses the central skylight. The inner shell of the building is somewhat more elaborate than the basic circular design it
stems from, as shown in Figure 1 on the 3D model that was built from available blueprints and field measurements of the
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physical dimensions of the interior. The perimeter walls are 12.8 meters high. The bottom 3.75 meters are made of solid
concrete as the load-bearing support. The next 7.50 meters are built as wooden construction frames with wooden boards
as the finishing, also housing narrow window strips in full height that are 65 cm wide. The top part of the perimeter walls
(below the ceiling) is also made of wooden frames with wooden boards as the finishing material. The entire floor of the
pavilion is made of smooth reinforced concrete. A photograph of the current interior of the pavilion is shown in Figure 2.

The described geometry of the pavilion yields 575 m? of floor space, as well as 2480 m? of total surface area, and
approximately 7000 m® of net room volume. The pavilion is to host a seating or standing audience of up to 350 persons,
which yields the volume per person of 20 m? or more.

Figure 1: The 3D model of the French pavilion in X-ray view
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Figure 2: The interior of the French pavilion at the time of room acoustical measurements

4  Diagnostic measurements of the current state

Acoustical properties of the French pavilion have been investigated through a series of measurements of room acoustical
parameters performed according to HRN EN ISO 3382-1 [4] using the integrated impulse response method. Additionally,
several impulse responses were recorded separately using simple hand claps to investigate the issues with extensive echo
present in the room. Due to the described nature of the problem, it was expected that the principal task in acoustic design
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will be to control the amount of reverberation and to attempt to shorten it to acceptable length, so the principal parameter
of interest was the reverberation time 73. Additionally, the early decay tome £DT was measured as well, as the parameter
that is strongly associated with perceived reverberance. As the main complaint received from the users of the building is
bad speech intelligibility, the speech transmission index S77 was measured as well.

The results of the acoustical measurements conducted according to HRN EN ISO 3382-1 are shown in Table 1 and on
the chart in Figure 3.

Table 1: The reverberation time 73 and the early decay time EDT measured in the French pavilion in its present state

Frequency (Hz) 63 125 250 500 1000 2000 4000 8000
T30 (s) 1.78 4.32 5.50 7.04 7.01 5.48 3.04 1.67
EDT (s) 1.83 4.13 5.64 6.86 6.85 5.31 2.70 1.38
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Figure 3: The reverberation time 739 and the early decay time EDT measured in the French pavilion in its present state

Both the reverberation time 730 and the early decay time £DT show a rather unique dependence on frequency. A roll-off
towards the high frequencies is expected due to the large volume of the room and the sound absorption in the air that
occurs. However, low-frequency reverberation is also controlled up to a point due to very large surfaces in the room that
act as low-frequency absorbers. Virtually all the perimeter walls above 3.75 meters (wooden plating and windows above
the concrete) and the entire ceiling are lightweight membrane-like constructions that are quite efficient at absorbing low
frequencies. On the other hand, mid-frequency absorption is poor, as the described materials behave as hard, reflective
surfaces in this frequency range. As the entire floor and the lower part of the perimeter walls are hard and reflective, being
made of concrete, there is very little absorption in the mid-frequency range, resulting in an excessively long reverberation
time that reaches the value of 7 seconds.

Figure 4 shows the impulse response recorded in the geometric centre of the room as the response of the room to a hand
clap produced at the same position. A strong reflection arrives at this position 80 ms after direct sound, resulting in an
audible echo. Another reflection, albeit somewhat more diffused, arrives 100 ms after direct sound. These arrival times
correspond with the distances of the measurement position from the critical segments of the perimeter walls. Similar
results were obtained at other measurement positions.

The diagnosed acoustic issues in the French pavilion regarding the excessive reverberation and strong echo are in
accordance with the observations given by the users, who deem the acoustic conditions in the pavilion to be highly
inappropriate for the events it hosts. Moreover, the values presented here were obtained for the worst possible case, i.e.
for empty pavilion, whereas the observations that come from the users reflect the state when the pavilion is, in fact,
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occupied. The complaints about bad speech intelligibility were confirmed by measurements, as the average value of the
speech transmission index S77 is only 0.33, and all the individual values fall in the range from 0.30 to 0.39.
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Figure 4: An impulse response recorded in the centre of the pavilion using a hand clap, showing strong, clearly audible
echoes arriving 80 and 100 ms after direct sound

5  The proposed room acoustic solution

The design constraints in proposing a solution for improving the room acoustics of the French pavilion were considerable,
mostly because the building is registered as a national cultural heritage. The fundamental, non-negotiable requirement
was that no permanent installation of any kind is permitted, and that any proposed solution is to be portable, so that it can
be moved around the room, or even taken out if necessary. To address the evident problem with echoes caused by the
concrete part of the perimeter walls, and to put the absorption material as close to the audience area as possible, the
proposed solution was based on heavy curtains put in front of all the concrete parts of the perimeter walls, as shown in
red in Figure 5. The curtains would be divided into manageable pieces, and each of them would be placed on a movable
and foldable stand in front of a given section of the perimeter wall. Apart from being a portable one, the proposed solution
is designed to address the issue of excessive reverberation in the mid-frequency range.

The curtains used as the design solution are generic cotton curtains with the surface mass of 0.5 kg/m?, draped to % of
their stretched surface area, and mounted at 130 mm from the concrete wall. Total surface covered by the installed curtains
is 310 m?, which turns out to be exactly 1/8 of the total surface area of the room.
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Figure 5: The locations of curtains as the sound-absorbing material (in red)
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To obtain a solid starting point for the design of an appropriate acoustic solution, the measured values of the reverberation
time were reverse engineered in the simulation model of the initial/current state, yielding a very good agreement between
the measured and the simulated values. In the second stage, curtains were added into the model as the designed solution
to investigate their influence on the acoustic conditions in the room. To simulate the presence of the audience, a
conservative estimate was made by replacing 240 m? of the otherwise empty floor with an audience area that contains
one person per square meter sitting on a wooden chair. The audience was added to the simulations of both the initial state
and the final one obtained after acoustic treatment. The reverberation time for all the investigated cases is shown in Table
2 and on the chart in Figure 6.

Table 2: The reverberation time 73 for the initial state (measured and simulated) and the final state after treatment
(simulated), in empty and occupied conditions

Frequency (Hz) 63 125 250 500 1000 2000 4000 8000
T30 (s), initial state
(measured, empty)
T30 (s), initial state
(simulated, empty)
T30 (s), initial state
(simulated, occupied)
T3 (s), after treatment
(simulated, empty)
T30 (s), after treatment
(simulated, occupied)

1.78 4.32 5.50 7.04 7.01 5.48 3.04 1.67
1.93 4.20 5.40 7.06 6.91 5.39 3.21 1.38
1.70 3.76 4.18 3.53 3.12 2.54 1.92 1.07
1.50 3.13 3.26 3.19 3.47 3.00 2.08 1.13

1.44 2.88 2.75 2.10 2.05 1.76 1.40 0.90
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Figure 6: The reverberation time 73 for the initial state (measured and simulated) and the final state after treatment
(simulated), in empty and occupied conditions

The results of the simulations shown in Table 2 and Figure 6 show that the introduction of the acoustic treatment in form
of curtains on perimeter walls has significantly shortened the reverberation time in the room. In other words, the best
possible acoustic conditions that can be obtained in the current state, i.e. in the room with no acoustic treatment, but
occupied, are similar to the starting conditions that can be obtained in the empty room after treatment. Further
improvement is gained by allowing the audience to enter the room, as intended in normal use.

The advantages of the proposed solution are its sound-absorbing properties targeted specifically at mid-frequency
absorption, its full portability that allows the curtains and their stands to be deployed, moved around, and taken out of the
room if necessary, and its positioning at the listening height from 0 to 3.75 m that automatically facilitates the removal of
the echo. Most importantly, the absolute requirement set by the investor has been satisfied, i.e. permanent installation of
acoustic treatment was avoided to maintain the protection of the building as a cultural heritage.
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The possible drawbacks of the proposed solution stem from the fact that the curtains need to be placed against (in front
of) a hard surface to be effective as sound absorbers. If the room host an event such as an exhibition, for which it is
required to have the perimeter walls free and available, the proposed solution cannot be fully implemented as designed.
Therefore, in this case the effect of shortening the reverberation time will be directly proportional with the surface area
of the perimeter walls that remain available for acoustic treatment. As the segments of the curtains are supported by
mobile stands, they can be placed elsewhere in the room, i.e. away from walls, but such positioning would diminish their
sound absorbing properties. To address this issue, an alternative solution was proposed that would comprise free-standing
mobile panels of manageable size, equipped with wheels that facilitate easy deployment, relocation, transport, and
removal. The panels would need to be made of a solid upright plate, and absorbing material could be mounted on both
sides of that plate to double the sound absorption capacity of such panels.

The proposed solution represents a step towards achieving good speech intelligibility in the room, as it helps shorten the
reverberation time and removes the problematic echoes. The simulations show that the values of the speech transmission
index ST7 obtained for the empty room in its current state match the ones obtained from measurements, both revealing
that poor or bad speech intelligibility (S77 < 0.45) is to be expected in the entire room. After treatment, the simulations
predict that fair speech intelligibility (S77 > 0.45) is to be expected for most of the floor area when the room is occupied
as described above. Regarding the speech intelligibility, the simulations show the worst-case scenario, as they were made
using an omnidirectional source. Further improvement is expected by using directional loudspeakers in sound
reinforcement systems that are to be utilized in the room. At this point it was not possible to make exact predictions on
how large this improvement will be, as there is no permanently installed sound system in the room, but the systems change
from one event to the next and are fully mobile (just as the proposed room acoustic solution is).

6 Summary

The French pavilion of the Student Centre in Zagreb was built in 1937 and is now a protected cultural heritage building
at the highest level. It has been given a new life upon a thorough and long overdue restoration that was completed in 2014.
It boasts some construction techniques that were revolutionary for the period when it was built, thus having earned the
status of a cultural heritage.

Unfortunately, neither the original architects nor the ones in charge of restoration paid any attention to the acoustics of
the pavilion, despite its intended use as a place of gathering. The visually spectacular, but acoustically unfortunate choice
of the overall shape of the building and the materials used in construction has resulted in acoustic conditions that are
extremely unfavourable for any kind of event based on spoken word and/or music performance due to excessively long
reverberation and strong echoes.

To address this issue, a solution for acoustic treatment was proposed that adheres to the severe limitations and strict
requirements imposed by the investor and the public bodies in charge of conserving the cultural heritage. The calculations
show that the implementation of the proposed solution will lead to significant shortening of the reverberation time and
the complete removal of the detrimental echo. Although the resulting reverberation time is still longer than required for
rooms used for the described purpose, mostly due to the excessively large room volume, considerable improvement of
acoustical conditions in the pavilion is expected. Regarding the speech intelligibility, further improvement is expected in
comparison with the calculated values using directional loudspeakers as an integral part of the sound reinforcement
system.
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A new music centre is currently under construction in Turku, Finland, containing a 1300-seat concert hall
dedicated to symphonic concerts and a 300-seat multipurpose hall primarily designed for chamber music
concerts and orchestra rehearsals. The centre will become the new home of the Turku Philharmonic
Orchestra. Design work started in early 2021 and opening is planned for spring 2026. The architectural
design is led by PES-Architects, with the acoustic design by Kahle Acoustics and Akukon Ltd.

This paper describes the acoustic intentions for the main symphony hall and the specific design process
developed for the project. The typology developed for the hall aims above all at acoustical excellence,
while also seeking to transform the traditional frontal shoebox shape into a new, more intimate paradigm.
The design is entirely based on curved surfaces, requiring precise analysis of the acoustical behaviour of
3D curved shapes and an appreciation of their potential to convey early reflections with optimum delay,
strength and direction of arrival. Excellent clarity and strong acoustic impact are expected from this
concert hall, since the design optimisation — with architects and acousticians working within the same 3D
parametric environment — has achieved multiple early reflections to all audience seats.

Particular consideration was also given to the spatial distribution of the acoustic volume, aiming at
maximizing the audience’s sensation of being immersed in and enveloped by the music.

Inspired by successful precedents and displaying very promising acoustic simulation results, anticipation
for the forthcoming Turku Fuuga music centre is growing.

1 Introduction

The final stage of the architectural competition for the new Turku Fuuga music centre took place in the first half of 2021.
The Turku Philharmonic Orchestra is currently based in Turku Konserttitalon. Built in 1952, this building is a remarkable
example of Finnish modern architecture by the architect Risto-Veikko Luukkonen, and Finland's oldest concert hall. But
it no longer meets the orchestra’s needs. It was thus decided to build a new home for the orchestra.

Concert hall acoustics specialist Tapio Lokki was appointed as client advisor at the start of the project to ensure that
acoustic excellence was regarded a primary goal even before the design process began. In discussions with
representatives of the orchestra, he defined the sound that the new concert hall ought to have. The result can be
summarized as follows: the main concert hall in the music centre has to be designed for symphonic music concerts, with
no acoustic compromise related to other uses. The acoustics must be powerful and reverberant, with excellent clarity and
a strong feeling of immersion in the sound. From an architectural point of view, a shoebox typology is explicitly
recommended, and the audience must be organised with a relatively flat parterre accommodating the majority of seats,
plus additional seats in one or several balconies.

Kahle Acoustics took part in the architectural competition with PES-Architects and Akukon Ltd, putting together a team
that had already completed two performing arts projects together. The developed design aims at providing a concert hall
that would sound like the best shoebox concert halls, with all the qualities described in the acoustic brief, but would also
enhance the feeling of intimacy and visual proximity to the stage for all audience members, compared to what a
traditional rectangular-shaped concert hall can offer.

This paper will describe the design process for the new concert hall, including the initial development of the general room
shape and the more detailed geometrical optimizations achieved at a later stage. The final acoustic outcome — insofar as
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the acoustic predictions can approach reality given that the building is currently under construction — is discussed in the
last chapter.

2 Early design stage: development of an intimate shoebox

2.1 A shoebox, a vineyard, or what else?

In the design of concert halls, the shoebox typology holds a special place. It is mostly defined by its rectangular plan
shape, although some other features such as a relatively flat parterre, the existence of side balconies and a large empty
volume of air in the upper part of the hall are also often cited as key factors. The acclaimed shoebox concert halls of the
19™ century, such as Vienna Musikverein and Amsterdam Concertgebouw, have contributed to making this typology a
long-established reference, recognized by most as the safest design choice when it comes to ensuring uncompromised
acoustic quality [1], [2]. But with modern-day demands for comfort, safety and accessibility, and above all the need for
classical music to reach younger audiences, building copies of the most successful 19" century concert halls is not a
viable option. Other concert hall typologies such as the vineyard-terraced geometries have grown in influence in the last
decades, even though opinions about the resulting acoustic quality are sometimes critical [3], [4]. Modern versions of the
shoebox typology have proven to be a viable solution for ensuring acoustic excellence. The 1500-seat Fartein Valen hall
in Stavanger, inaugurated in 2012, is one of the most successful examples of this approach [5]. As the required acoustic
characteristics for the new concert hall in Turku closely matches the observed acoustic qualities of Fartein Valen hall, it
became one of the major sources of inspiration for the design.

Another major source of inspiration came from the most recent concert hall designed together with PES-Architects: the
1000-seat symphony hall of the Fuzhou Strait Cultural Arts Centre in southern China, inaugurated in 2018. An innovative
acoustic optimization process was developed for that project [6], which informed the architectural design and led to a
much-appreciated result. The Fuzhou concert hall is however very clearly of a vineyard type.

Would it be possible to “modernise” the shoebox typology, much further than in the Stavanger concert hall, taking
inspiration from other successful precedents such as the Fuzhou concert hall to improve sightlines and visual intimacy,
without compromising the distinctive acoustic quality of a shoebox? The Turku project seeks to demonstrate this through
facts. Hybridisation of the shoebox and vineyard typologies is not a new concept in acoustic design [7], [8], [9], but
Turku concert hall is a new take on hybridisation, retaining more of the elements that underlie the acoustic success of
shoebox rooms, resulting in a concept referred to as the intimate shoebox typology.

Figure 1: Fartein Valen concert hall in Stavanger is a 1500-seat modern shoebox concert hall inaugurated in 2012, and
one of the main reference projects for Turku Fuuga new concert hall
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Figure 2: Fuzhou concert hall is a 1000-seat vineyard concert hall inaugurated in 2018, in the other main reference project
for Turku Fuuga new concert hall

2.2 The Stavanger and Fuzhou precedents

Several key aspects contributing to the acoustic success of modern shoebox concert halls are integrated to the geometry
developed for the new concert hall in Turku. These aspects can be seen as a legacy of the Stavanger concert hall:

* The limited width of the hall, in conjunction with side balconies attached to the sidewalls, allowing for an
efficient distribution of early lateral reflections to all audience members in the parterre. These reflections,
generated by the cornice between a vertical wall and a horizontal balcony soffit, are known to be crucial in
shoebox halls. They are responsible for enhanced spatial perception, acoustic presence and musical dynamics
[10],[11],[12],[13]. To be fully efficient, these reflections need to reach the audience sufficiently early and from
an adequate elevation angle [14].

* Special attention is paid to creating similar early lateral reflections towards audience members in the balcony
levels, which is not typically achieved in purely orthogonal geometries and requires specific optimization.
Balcony front surfaces are typically involved in this process, in addition to other appropriately located wall
surfaces.

L3

* A large “empty” space is provided in the upper part of the volume, where no audience or other sources of
acoustic absorption is present. A rich reverberation can develop there and reach the audience from many
directions, generating a sensation of being immersed in the music.

*  Steeply sloped parterres and balconies of many modern concert halls shadow the sound reaching the audience
from a direction behind them, and simultaneously reduce the upper reverberant volume towards the rear of the
hall. As a consequence, reverberation becomes weaker and more frontal / “monophonic-like”, with the
consequence that the audience is no longer immersed in the music. Immersive reverberation is being considered
as a critical advantage that needs to be regained, both by limiting the slopes and by implementing some changes
to the classic shoebox typology. The ceiling first needs to be raised from about 16m above stage floor in historic
shoeboxes to about 21m in modern ones. A slight projecting angle is also implemented above the stage and the
first rows of the parterre. Suspended canopy reflectors above the stage, which did not exist in the historic
shoeboxes, become necessary as the main ceiling is too far from the musicians.

* However, gentle audience slopes and additional ceiling height are not always sufficient. In some modern
shoebox halls, reverberation is still heard as coming mostly from around and above the orchestra, rather than
from all around the listeners as it should be. Stavanger concert hall [5] has proven the possibility to further
enhance immersive spaciousness when additional volumes are created along the sidewalls of the concert hall,
very much like with reverberation chambers but without the tuning complexity and with limited risks of
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excessive residual absorption [15]. Smaller additional volumes with larger fixed openings towards the main
volume do not create an ill-coupled reverberation and double-slope decays, but rather convey reverberant sound
within the space. In the proposed design for Turku concert hall, four eye-shaped volumes are created behind the
side balconies. Each of these is first fed by sound coming directly from the stage, through large portions of walls
treated with a 66% open sound transparent lattice. These openings are located in portions of the sidewalls that do
not generate any useful early reflections. The upper portion of these walls, responsible for the critical cornice
reflections discussed earlier, are kept fully reflective and effective. The so-called “eye volumes” are then also
fed by reverberant sound energy developed in the upper part of the hall, through large openings in the floor of
each balcony level. This reverberant sound is channelled towards the lower part of the volume, providing the
audience with late lateral sound that is known to be crucial to acoustic envelopment [16].

Several successful features of the Fuzhou concert hall also inspired Turku’s design:

Deviations from the rectangular shape are introduced in plan. Splayed walls are created around the stage,
projecting sound towards the audience, and reversed-splayed walls are created at the rear of the auditorium to
improve early lateral reflection coverage towards audience in the balconies. As observed in the Fuzhou concert
hall [6], this also intensifies the lateral reflection coverage towards the audience more generally.

Audience on the side balconies is subdivided into several smaller blocks, creating a more intimate setting, a
better visual connection to the stage, and improved sightlines. The size of absorptive audience blocks is also
limited. The subdivision of the side balconies in Turku is directly inspired from the terraced layout of Fuzhou
concert hall, but the arrangement is adjusted to follow a more shoebox-like profile: limited width, two
superposed balcony levels of 1 — 3 rows instead of one wider terrace level, not excessively reversed-fan
orientation of the balcony fronts.

As in Fuzhou, the design makes widespread use of convexly curved surfaces. All walls and balcony fronts are
convex, except for the rear walls of the four eye-volumes that are concave but carefully checked to avoid
harmful focussing effects. This gives the acoustic consultant the opportunity to precisely tune each early
reflection, not only by adjusting the orientation of the surfaces to create sound reflections of appropriate delay
and direction of arrival, but additionally by adjusting the curvature to control the acoustic strength and the
reflection coverage [17]. Reflections off relatively narrow surfaces such as balcony fronts are inherently
attenuated at low frequencies due to diffraction effects. They can therefore generate slightly harsh-sounding
reflections towards limited zones of the audience (and — for a given listener — of the sound coming from only a
limited portion of the orchestra [18]). Adjusting the radius of curvature is then a way of extending the reflection
coverage spatially, and simultaneously ensuring a more balanced frequency content. Similarly, the right balance
between reflection strength and coverage can be determined on a case-by-case basis for each individual surface
in the concert hall.

W"" e

Figure 3: Competition renderings of the Turku Fuuga new concert hall, in 2021 © PES-Architects
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At the end of this very early design phase, the intimate shoebox typology developed from the Stavanger and Fuzhou
precedents offered a very promising concept, with considerable scope for geometric optimisation and the potential to
create a concert hall with truly outstanding acoustics.

3  Detailed geometrical optimisation process

3.1 Solid angle analysis — how far should the geometry be optimized?

With so much potential for optimising early reflection coverage, one of the first concerns at the beginning of the detailed
design phase was whether there might be a risk of over-optimisation. Could excessive amounts of early reflections
generate an overly loud sound, unable to cope with the power of a full symphony orchestra? Wouldn’t extensive
geometric optimisation “consume” a significant proportion of the emitted sound energy in the early reflections, at the
expense of a late reverberant field that would become too weak? These concerns are generally analysed by means of
predictions with geometrical acoustic software. An alternative approach was developed some years ago, precisely with
the aim of answering this type of question [19]. It is based on a solid angle analysis of the geometry in which the total
energy emitted by an omnidirectional sound source on stage is subdivided into 4 parts. A first part of the total emitted
energy is directed towards the audience to produce a direct sound at each seat. Once received by the audience, the
acoustic energy is mostly absorbed. A second part is directed towards absorptive surfaces other than the audience, and
towards reflective surfaces that will send their reflections towards absorptive surfaces other than the audience. A third
part of the energy is directed towards reflective surfaces that will generate early reflections towards the audience (of 1* or
2" or higher order). These reflective surfaces are named “efficient surfaces”. This part of the acoustic energy is once
again mostly absorbed in the process. The remaining part of the emitted acoustic energy will contribute to the late energy.
Obviously, this approach deliberately ignores what each audience member will experience at their specific location in the
room to focus on the global room acoustic behaviour. In a given room, optimizing the orientation of a surface to make it
efficient will increase the amount of early energy received by some audience members. Early efficiency then relates to the
average over the entire audience of the early-reflected energy.

Each of the 4 parts of the total acoustic energy emitted by the source can then be expressed geometrically by subdividing
the entire space around the source in 4 solid angles:

*  The direct solid angle Qg;, that the audience surfaces subtend at the point of the source.

* In case absorptive surfaces other than the audience exist in the hall, Q,,s can be defined as the solid angle that
these absorptive surfaces subtend at the point of the source. Reflective surfaces sending acoustic energy towards
these absorptive surfaces are also to be included in the estimation of Q.

* The efficient solid angle Q. is defined as the solid angle of all efficient surfaces generating early reflections
from the source point towards some receiving plane(s). Under the assumptions of geometrical acoustics, it can
be estimated using a simple raytracing algorithm specifically designed to analyse the geometry of the hall and
identify the zones of each surface that effectively receive energy from the source and redirect it towards the
audience after one or more reflections, with a delay inferior to 80ms.

*  The solid angle €, containing the energy that contributes to the late part of the room response is simply obtained
as the remaining solid angle: Q; = 4w - Qg;; - Qaps - Qetr. (47 being the solid angle of the entire space seen from the
source).

Simple formulas then provide estimates of the average values of early-reflected strength G, and late strength Gy,, over
the entire audience (possibly also including the stage platform).

Early-reflected strength is obtained from three parameters characterizing the geometry of the hall: the efficient solid angle
Q.¢r, the total surface area occupied by audience or musicians S,,4, and a specific average value of the angle of incidence
of early reflections on audience planes 0,;,:

G,,= 20 + 10.log(Q)- 10.log(cos(6,))- 10.log(S,,,)

0., is defined from the individual angles of incidence 0a; (0° for normal incidence, 90° for grazing incidence) weighted by
the individual efficient solid angle dQ2; of each reflector:

1 dQ,
cos(6,,) ) 2 cos(@ai)/zdg2i
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The formula for the average value of late strengh across the audience is derived from statistical acoustic theory:

G, = 10.10g(31200.(1—/3)§)

Q +Q +Q
With ﬁ — dir abs eff aa
4
a, is the average absorption coefficient of the audience and other absorptive surfaces in the room, and T and V are
respectively the reverberation time (in seconds) and volume (in cubic meters) of the room.

Once implemented, this geometrical analysis process can quickly be repeated for various source positions to identify
possible inhomogeneity in the orchestra sound caused by the geometry, or for each audience zone separately to detect if
some areas are less well served than others.

Figure 4: Example of early efficiency analysis in a 3D model of Stavanger concert hall. The picture on the left displays
the results of a ray-tracing algorithm on the 2™ side balcony soffit (acoustic rays in green). The middle picture displays
the corresponding efficient surfaces in red, and the picture on the right the corresponding cones representing the
individual efficient solid angles for this cornice. When such an analysis is performed on the full geometry of a concert
hall (which is not the case here) it needs to consider higher order reflections to properly identify all possible early
reflection paths (typically up to 4™ order). By definition, the corresponding efficient surfaces are those receiving direct
sound from the source, even if other surfaces are involved in higher order reflections. This enables to estimate the
proportion of the total energy emitted by the sound source that is used to generate early reflections as the solid angle of
these efficient surfaces divided by the total solid angle for the entire space (4n)

This solid angle approach has a few advantages that proved very useful in this case. First, the effects of surface curvature
are fully taken into account, as long as the raytracing algorithm is devised for that purpose (which can relatively easily be
implemented in a software such as Rhino3D). Second, the geometrical analysis outcome can be visualised, providing
useful explanations of the obtained results and how they could be improved by altering the geometry. Finally, the
question of the extent to which a specific geometry is optimized for early reflections is directly answered through
proportions of the total solid angle 4=, allowing the balance between early and late energy to be easily grasped.

Two main conclusions could be drawn from the application of this method to a preliminary version of the Turku concert
hall: Overall, the geometry at that point was not overly optimised for early reflections with an efficient solid angle Q¢ of
1.25 sr (just under 10% of the entire space seen from the source, sr = steradians, the SI unit for solid angles) while the late
solid angle Q, is 4.15 sr (about one third of the entire space). The risk of excessively weakening the room's late response
was then not very significant at this stage. It was also observed that the early reflection coverage was not sufficiently
homogeneous, with the balconies receiving much less early energy than the parterre. Measures needed to be taken to
improve the reflection coverage of balconies, while that of the parterre could be slightly reduced.
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Figure 5: Visual output of a solid angle analysis performed in Rhino3D on an early version of Turku concert hall
geometry, for a sound source S1 located near the conductor’s podium. Receiving areas (audience and stage) are in purple,
reflective surfaces in dark grey, efficient surfaces found by the algorithm are in 3 different colours depending on their
delay: cyan (0 to 20ms), green (20 to 50ms) and yellow (50 to 80ms). Some of the reflective surfaces are not included in
the analysis, either because they are not expected to take part in early reflections or because they were not yet well
defined at this point of the project (such as the upper walls and the ceiling). Assumptions then had to be made on the
additional amount of efficient surfaces and efficient solid angle that will be obtained from these missing surfaces.

3.2 Adjusting the detailed shape of potentially efficient acoustic surfaces

In contrast to the case of Fuzhou concert hall, it was very early on decided to limit the use of diffusive surface texture in
the design of Turku concert hall. The only exception to this exclusion rule is the small concave surface areas connecting
the convex balustrades of adjacent balconies (visible on figures 6, 9 and 14). The reason for excluding diffusive
treatments is twofold: First, as previously discussed, the room concept allows precise tuning, with the possibility of
reducing the energy of reflexions at high frequencies and increasing their spatial spread, when needed and in a very
controlled manner, by adjusting surface curvature. Rather than relying on stochastic diffusion that would spread the high
frequency content of incident sound in all directions with no distinction, it is possible to make decisions on a case-by-case
basis. Second, the provision of early reflections with limited temporal smearing has been shown to offer decisive
advantages in terms of acoustic clarity [20].

Going through the precise geometrical optimisation of each surface would go beyond the scope of this paper, but a few
interesting examples can be discussed here. All raytracing figures in this paper were obtained with a Grasshopper script
within Rhino3D environment. A differential raytracing algorithm [17] is used to estimate the strength of the reflections
off curved surfaces based on the parameter AL, quantifying the influence of surface curvature: a positive ALy
represents amplification of sound energy due to the curved surface, whereas a negative AL, denotes attenuation of
sound energy due to the curved surface.

Figures 6 and 7 illustrate how additional early lateral reflections were provided towards the seats on 1% balcony level. In
Figure 6, a portion of the sidewalls is tilted and curved both in plan and section. The tilt angle and both radius of
curvature in two directions were adjusted to ensure that most of the possible source positions on stage generate the
intended reflections, and that late reflections are not excessively strong.

In Figure 7 the shape of a balcony front surface is adjusted to provide early reflections to the 1* balcony. In addition to a
slight curvature in plan and section, the surface is tilted with an angle that varies along its length. This leads to a complex
warped (non-developable) shape that will be precisely built by carving it out of massive wood.
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Figure 6: Raytracing on a convex and inclined wall section located on the sidewalls between 1% and 2™ balcony levels.
These generate early lateral reflections towards the seats in the rear sections of 1* balcony level, and relatively late lateral
reflections towards the seats in this same balcony level but located closer to the stage. AL, = -5dB.

Figure 7: Adjusted shape of the ISt side balcony front to provide early lateral reflections towards the ISt level rear balcony.
Yy
The balcony surface is intentionally warped.

Figure 8 shows a case of cornice reflection optimisation. Traditional cornice reflections in shoebox concert halls are 2™
order reflections generated by two adjacent surfaces: a vertical wall and a horizontal soffit or ceiling. The cornice
reflection illustrated on Figure 8 is generated by the flat and perfectly horizontal soffit under the technical gallery level,
together with a vertical wall portion (or downstand beam) whose shape can be freely adjusted. As all wall surfaces in this
design, the downstand is convexly curved in plan. An additional convex curvature in section was introduced to provide
more homogeneous coverage and to reduce reflection intensity by 3dB. The original cornice reflection with a single-
curved downstand had AL, values ranging from -1 to -2dB, while the optimized cornice reflection has AL, values
from -4 to -5dB.
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Figure 8: Adjusted shape of the downstand beams located on each side of the stage, under the technical gallery level. In
addition to the convex curvature in plan, a slight curvature in section was introduced to provide more homogeneous
coverage and reduce reflection intensity by 3dB.

3.3 Geometrical optimisations for stage acoustics

A significant part of the geometrical optimisation effort was dedicated to providing good listening conditions for the
musicians on the stage platform.

The canopy reflector was initially designed as a monolithic warped disc, later split into 5 bands for the integration of
stage lighting. The general disc shape is kept in plan view, but the surface is intentionally warped to vary the local radius
of curvature both in long section and short section. This allows controlling the acoustic strength of the early reflections
generated, with stronger reflections from instruments at the front of the stage and near the room axis (from parts of the
canopy with a more flat shape), and weaker reflections from the sides and the rear of the stage (from parts of the canopy
with a more pronounced convex curvature). The general tilt of the canopy projects sound from the stage towards the
audience, while its rear part also allows reflections from the choir balcony towards the conductor. Each of the 5 bands is
then once again very slightly curved in short section to avoid shadow zones in the reflection coverage for high
frequencies.

The first round of acoustic predictions using Odeon software in the concept design phase gave fairly inhomogeneous
results regarding the stage support ST1 (ST.ay) parameter. Values varied from excessively high (> -12dB) to excessively
low (< -18dB) depending on source position on stage. Reasons for such results had to be investigated. In the design, all
surfaces generating early reflections back the orchestra are curved, some of them with a complex warped geometry. They
all needed to be approximated and facetted to comply with requirements of an Odeon model. A specific verification
process was developed in order to estimate the support parameter directly within Rhino3D, from the exact shape of the
surfaces surrounding the stage.

In this process, a partial ST1 is estimated by summing the energy of all acoustic reflections (1 order and 2™ order)
arriving between 20ms and 100ms after direct sound from a point source to receivers at 1m distance. As this method does
not take into account edge diffraction and higher order reflections, the estimation is incomplete. The parameter ST1#
(partial ST1) is then used instead of the standard ST1.

For each reflective surface, a colored contour corresponding to the acoustic coverage of this reflector is computed using a
raytracing algorithm. If a receiver lies within this contour, a reflection path exists between the source and the receiver via
the corresponding surface, as shown in figure 10. The algorithm will then provide a AL, (in dB) corresponding to the
change of reflection strength due to the curvature of the surface [17], and a ALy (in dB) corresponding to the attenuation
of the reflection due to diffraction and the finite size of the surface [21].
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Figure 9: The canopy is shaped after a disk and convexly curved in two directions, with varying radii of curvature in both
short and long sections. Lines in red are the curvature graphs of the general shape in each direction. Local surface
normals are plotted, with a length inversely proportional to the local radius of curvature: longer surface normals on the
sides and in the rear part of the canopy (in the direction of the organ) indicate shorter local radii. The resulting shape is
warped and highly complex, but the absence of any locally concave zones needed to be precisely checked. Corresponding
AL values for reflections generated on stage and in the audience range between -8dB and -5dB.

Figure 10: Left picture: acoustic reflection path via the upper left soffit (orange) from the source (center of the red circle)
to one receiver at 1m (black dot). The coverage zone is indicated as an orange contour, and the calculated AL,y is
marked near the receiver (-1dB). Right picture: all possible acoustic reflection paths from the source to the same receiver,
as used for ST1# calculation. Green rays have a 20ms to 100ms delay, and red rays have a delay > 100ms. In this
example, reflections from the stage back wall and the organ box are not considered.

To finally obtain a spatial average value of ST1# around a given source position, this process is repeated for 10 receivers
equally spaced on a 1m radius circle around the source. Results for 4 source positions are given in figure 11.

In the first simulation run, excessively high ST1# values were obtained for sources at the back of the stage. This result
could be traced back to several surfaces providing early energy to this source location. Among others, the shape of the
balcony front in red in figure 11 was modified to send more early energy to the front part of the stage and less energy to
the rear part. This led to a twisted shape with a varying tilt angle, ending vertically towards the back of the stage. A
second run of simulations was performed with adjusted reflectors and the obtained results can be compared in figure 11.
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Interestingly, the inhomogeneity identified and solved using this ST1# analysis process differs from the one initially
observed in Odeon simulation results. The subtle changes in curvature and tilt angle, decided on the basis of this ST1#
analysis, have no significant implications for the faceted version of the geometry used by Odeon.

Figure 11: Estimated values of ST1# for 4 different source positions before (left) and after (right) surface optimisations.
On the left, ST1# is found to be excessively inhomogeneous on stage (6.8 dB difference between extremes). On the right,
after shape optimisation a more homogeneous ST1# is obtained (3.5 dB difference between extremes).

It is sometimes thought that late arriving acoustic reflexions towards the stage are dangerous and may cause disturbing
echoes for the musicians. However several authors have proven that musicians need a sufficiently audible late acoustic
feedback from the hall [22], [23], [24], which the present authors confirm on the basis of their experience. This desirable
late acoustic feedback is ideally made up by several late reflections spread over time and arriving from different
directions in space. If each individual late reflection is not excessively strong, it will not be perceived as a distinct event
or “echo”, but will rather play its part in building up a smooth halo of sound. In the acoustic design of the Turku concert
hall, it was therefore necessary to make sure that such a desirable acoustic feedback was effectively provided, with
sufficiently audible effect and without excessively isolated and distinct events that would be perceived as echoes. To do
so, all relatively late reflections (from about 50ms) generated by the concert hall geometry were listed with their
individual characteristics (delay, strength, direction of arrival). The level of each reflection was calculated, taking into
account attenuation effects due to curvature and diffraction on finite size objects, and normalized to the level of direct
sound at source-to-receiver distance of Im. Graphs were built with this data, as displayed in figure 12.

In these graphs, three echo thresholds available from the literature ([10], [25]) are indicated as coloured lines in order to
assess the risk of echo disturbance, as well as the risk that some reflections are too weak to contribute to a positive
acoustic feedback to the musicians. It must be stressed that all these echo thresholds were obtained from listening tests in
which a single reflection was added to an anechoic environment, which is a very different situation compared to that of a
musician on a real concert hall stage. More recent studies [26] highlighted these limits, and also found that the echo
threshold for rhythmical music from Dietsch and Kraak [25] (red curves in figure 12) is too high for some musical
instruments such as the trumpet. Echo threshold curves for speech from Dietsch and Kraak (orange curves in figure 12)
appear to better relate to what is perceived with such echo-critical music instruments.

This echo-analysis procedure was repeated for 3 different source positions on stage (soloist position, woodwind position
and percussion position), and for the 1kHz and 2kHz octave bands (as diffraction effects depend on frequency). Two
feedback reflections were detected as possibly being excessively distinct in a preliminary version of this analysis, which
led to adjustments to the geometry at the rear of the parterre (concave wall) and in the upper wall-ceiling corner above the
2" rear balcony (87° angle changed for a 90° angle between the rear wall and the ceiling, see figure 13). The analysis in
figure 12, corresponding to the final, corrected version, gives confidence concerning the result that will be achieved.
Reflections remain in the vicinity of the speech echo threshold by Dietsch and Kraak, and below the extended echo
threshold from Barron, meaning they are likely to be audible without generating an excessively distinct echo.
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Figure 12: Echo graph for a source located at a soloist position on stage near the conductor, and for the 1kHz octave band.
Each reflection is represented by a black cross corresponding to its relative level and delay with respect to direct sound at
Im distance to the source. Red and orange lines correspond to empirical echo thresholds found by Dietsch and Kraak
respectively on a rhythmical music excerpt or a speech excerpt [25]. The blue line corresponds to the threshold for
disturbing echo found by Barron with a music excerpt [10]. Dashed lines are regression lines extending the original
experimental data to longer delays. On the left, a distinct cross represents each individual reflection, while on the right
reflections arriving with very similar delays and directions are grouped and their level is aggregated.

Figure 13: Left picture: Raytracing diagram showing the path for 2™ order reflections off the corner between the rear wall
and the ceiling. Right picture: 3D diagram showing the difference between a 90° rear corner reflection (in black, to the
right of the source point) and twin reflections from a 87° rear corner (in red and purple, to the left). The main ceiling was
initially angled at 3° to the horizontal right up to the rear wall, generating an angle of 87° between the two surfaces
instead of the usual 90° corner. As a consequence, twin feedback reflections were generated instead of a single one, as
two reflection paths exist for rays originating from and ending at the source: a first path in which sound waves first hit the
ceiling, then the wall before returning to the source, and a second one in which sound waves first hit the rear wall, then
the ceiling before returning the source. A 3dB level increase can be estimated when such twin reflections are generated,
compared to the typical case of a 90° rear corner for which only one reflection path exist. In the final design the rear part
of the ceiling was finally set to perfectly horizontal to avoid that 3dB level increase.
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4  Discussion on last acoustic predictions before completion

At the time of writing, the Turku Fuuga music centre is taking shape on its building site and it is too early to judge the
acoustic success of the concert hall. The latest available version of the Odeon model is dating from October 2023, while a
final version is still in progress. Small changes have been implemented in the meantime, but they are not expected to have
a strong impact on the general average values of predicted acoustic parameters. The Akukon team performed all Odeon
simulations for this project: Sara Vehvildinen, Perttu Laukkanen and Henrik Moller.

Main parameter values are given in table 1 and are compared to the measurement results in the built Stavanger concert
hall, from [5].

As can be observed, obtained values are generally very similar. It seems that Turku concert hall will sound even slightly
stronger (with a G value that is 0.8 dB higher on average) and clearer (with a C80 value that is 0.9 dB higher on average)
than the Stavanger concert hall. This corresponds perfectly to the wishes of the representatives of Turku Philharmonic
Orchestra. It is worth highlighting that this increase in C80 compared to Stavanger is obtained while keeping the same
high value of occupied reverberation time. The two halls also stand out for their very high average LF values.

Tapio Lokki and his team at Aalto University also used this Odeon model to generate auralizations of Turku concert hall
as predicted by the model. Comparison with a calibrated Odeon model of Vienna Musikverein was available. The
listening tests results are very promising, with a general preference for Turku that — in the context of these auralizations —
was found to provide both clearer and more enveloping sound when compared to a similar seat in Vienna Musikverein.

In addition, the solid angle analysis was updated based on the latest version of the architectural 3D model (with non-
faceted curved surfaces). A significant increase of efficient solid angle was obtained in comparison to the initial design
discussed in paragraph 3.1, with a Q¢ of 1.61 sr (13% of the entire space seen from the source, and +29% compared to
the initial design). This increase of efficient solid angle implies a slight reduction of the late solid angle €, that is now
3.96 sr (31% of the entire space seen from the source, and -5% compared to the initial design). This results in a predicted
increase of average early-reflected strength (Gey,) of 1.1dB and a corresponding decrease of average late strength (Gyy) of
0.2dB. Homogeneity was also drastically improved compared to the initial state, with an average increase of G, in
balcony seats of 3.8dB. These results provide a good quantitative summary of the overall impact of several months of
geometrical optimisation for the Turku concert hall, and illustrate the possibility of simultaneously achieving very clear
acoustics with generous reverberation.

Table 1: Provisional Odeon simulation results in Turku concert hall compared to measurements results in the built
Stavanger concert hall. Each parameter value is the average of all receiver position located more than 10m to the source,
distributed evenly in each room. The acoustic configuration with maximum RT is considered in both cases (symphony
orchestra setting, as both halls have variable acoustics). Parameters are defined, measured and frequency averaged

according to ISO 3382.
o Acoustic Turku concert hall Stavanger concert hall
ceupancy parameter | Odeon simulation results Measurements
Full

audience T30 (s) 2.2 2.2
G (dB) 5.0 4,2
G80-x (dB) 23 1.9
Unoccupied | G0-80 (dB) 1.5 0.3
C80 (dB) -0.7 -1.6
LF (%) 0.27 0.30

97



Figure 14: Architectural rendering of the main concert hall of Turku Fuuga music centre, in its latest version at the time
of writing. © PES-Architects
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The use of wave-based methods for the simulation of the acoustical field inside rooms was until recently
far away from the widespread use of ray-tracing/image source algorithms. Although new commercial
software has recently started to use this approach for room acoustic simulations, full spectrum analysis still
faces difficulties. Nevertheless, the interest in obtaining a clear understanding of diffraction and diffusion
phenomena, pushed the development of more efficient computational implementations. Precisely because
diffraction is hardly simulated using ray-tracing algorithms, the study of the interaction of sound waves
with coupled volumes, rigid suspended or “floating” objects in a room benefits from the use of wave-based
methods. In a concert hall, theatre, or auditorium these objects include fixed or suspended balconies,
reflectors or canopies, or even volume diffusers. During the design of a 1200 seat multi-purpose auditorium,
the problem of how to distribute and orientate a series of objects that create a simple type of volumetric
diffuser close to a wall in a concert hall required the implementation of a finite-difference time-domain
algorithm. This study focused on parametric changes in the characteristic dimensions and shape of these
elements and in their relationship with the boundaries of the room. The results show how variations on
these geometrical characteristics influence the temporal and spatial distribution of sound wave reflections.
Apart from the simulation of impulse responses that could enlighten how reflections occurred it was
important to implement animations that helped visually convince the architect of the need for relevant
changes.

1 Introduction

The use of wave-based methods for the simulation of the acoustical field inside rooms has only recently started to be
implemented in commercial software aiming for such a widespread use as ray-tracing/image source algorithms. Some of
these new wave-based software implementations (see [1]), still need hybridization with geometrical methods to ensure
feasible computation times. Solving the wave-equation on a 2D and particularly 3D closed domain is a challenging
process, but the interest in obtaining a clear understanding of diffraction and diffusion phenomena, without using an
overly simplified approach as in ray-based methods, pushed the development of more efficient computational
implementations using parallel high-performance computing clusters with graphics processing units (GPUs), as in [2] and
[3]. Additional difficulties result from lack of data on material acoustical characteristics that can be used with this
approach, amongst other factors. However, it is undeniable that current research on this field, as in [4] or [5], has allowed
this methodology to become more accessible, not only to researchers but also to practitioners like acoustical consultants
(see [2], for example).

Precisely because diffraction is hardly simulated using ray-tracing algorithms, the study of the interaction of sound waves
with rigid suspended or “floating” objects in a room benefits from the use of wave-based methods. In a concert hall,
theatre, or auditorium these objects include fixed or suspended balconies, reflectors, canopies, or even volume diffusers
[6]. In some of the author’s room acoustics projects, the problem of how to distribute and orientate surfaces or objects
that create useful reflections required the implementation of a 2D finite-difference time-domain algorithm [7]. Apart from
the simulation of impulse responses that could enlighten how reflections occurred it was important to implement
animations that could help visually convince the architect of the need for relevant changes. This paper shows some of the
results obtained from these simulations, discussing the interesting aspects of a 2D detailed approach, not intended to
calculate the full room acoustics parameters, only possible with 3D calculations, but highlighting the characteristics of
the resulting wave interference phenomena.
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2 Methodology

The Finite Difference Time Domain (FDTD) method is a wave-based numerical technique for solving the wave equation.
This technique is suitable for the simulation of wave propagation in a sound field, particularly due to the fact that it is a
meshed based algorithm, in which the computational domain is discretized into a grid of finite cells. When applied to
acoustic field simulation, the FDTD method offers several advantages such as:

e Computationally efficient for acoustic simulations, especially when compared to some other methods like finite
elements or boundary elements, and its straightforward implementation.

e It can handle complex geometries and boundary conditions, and, like other methods, it inherently models acoustic
phenomena such as wave interference and diffraction.

¢ Gives accurate solutions to the acoustic wave equation, particularly near the specular reflection angle.

e FDTD allows for the real-time visualization and analysis of the simulated sound field, as it provides detailed
temporal and spatial information.

One of the main disadvantages of the FDTD method is that the grid resolution limits the geometry of the reflective surfaces
and the maximum frequency that can be represented. As the grid resolution of the domain increases, so does the solution
time, in a way that can be computational unfeasible to accurately extend the accurate frequency range of the solution.
Additionally, like many other numerical methods, FDTD requires appropriate boundary conditions to accurately model
wave propagation at domain boundaries, which can be difficult to implement [8].

2.1 Numerical implementation

To model the resulting reflections of an incoming wave on a vertical surface, anechoic boundary conditions for the domain
were implemented, so that no interference would arise from the propagating wave being reflected on the boundaries of
the mesh, altering the resultant sound field. As such, these reflected waves near the domain’s boundary were eliminated
through the use of perfectly matched layers, or PMLs, which gradually absorb and dissipate the outgoing waves,
effectively preventing reflections from the boundaries. Due to complexity of the boundary conditions, an existing Matlab
toolbox (k-Wave) was used for the time-domain simulation of acoustics fields, as in [9].

The reflective surfaces or objects are defined by a set of rigid elements, introduced in the domain by the creation of a
mask of points at which the speed sound is close to zero (1x10” m/s). The density of the non-reflective points in the
domain is set to that of air.

The model assumes a two-dimensional scheme of FDTD, in which the central finite difference approximations to the
pressure and particle velocity are implemented using the following equations:
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The chosen method of pulse excitation was the Ricker wavelet (or the second derivative of the Gaussian function), that is
characterized by its bell-shaped curve with a single peak, and has a bandwidth inversely proportional to its central
frequency, /. The Ricker wavelet is mathematically defined as:

W(t) = _\/z”fcent [(\/Enfcentt)z -1 ] -€xXp [_ % (\/Enfcentt)z] (4)

The maximum frequency that can be accurately simulated is ' < ¢/10Ax, in which Ax is the mesh step size and ¢ the speed
of sound. This study assumed a grid step of 1 cm, that results in a maximum accurate frequency of 3,4 kHz, assuming
¢ =340 m/s.
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For this study, the objective was to study reflections close to a set of surfaces or objects. For this purpose, a simulation
domain of approximately 5Sm x 8m was implemented. The impulse source was placed at 1,5m above the lower limit of
the spatial domain (whether it included a floor or not) and an array of horizontally distributed virtual sensors were placed
at 1,2m from the same limit. The source impulse excitation frequency range was limited to 1,7 kHz.

3 Simulations

Simulations were performed to analyse the effect of a stage wall with a balcony underside with different lengths,
orientations, and scattering characteristics. The lateral wall is 3m high and the balcony underside varies between 0,5m,
Im and 2m, with an orientation varying from 0° to 60° in 20° steps. Figure 1 shows a snapshot of the wave propagation at

the same instant for all situations for a detailed comparison of the consequences of the referred geometrical changes. The
surfaces in this case are completely specular.
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Figure 1: Specular reflections from a wall and varying lengths and orientations of a balcony underside. The horizontal
thin line represents the sensor array.

In the previous figure, the inefficiency of the 0,5m depth balcony is evident with only a small fraction of the wave being
reflected to the sensor array. Horizontal orientations (0°) of the balcony capture most of the useful sound energy although
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the 40° and 60° orientation was the most useful for the application for which the simulations were performed: to choose
the right orientation of lateral reflectors for stage support and communication between different places in the orchestra.
Without any other reflection surfaces in these calculations, and for purely specular reflections it was expected that a comb
filter effect was created as can be seen in Figure 2, for each of the previous set of simulations presented in Figure 1.

Figure 2: Sound pressure spectra at the central sensor of the horizontal array, corresponding to the wall/balcony
arrangement in Figure 1.

Although the comb-filter effect is present due to the absence of further sound reflections from other surfaces, the

introduction of a scattering surface was studied, by applying a Shroeder type diffusor to the vertical wall. Figure 3 presents
the sound pressure spectra corresponding to the simulations presented in Figure 5.

Figure 3: Sound pressure spectrum of the sound at the central sensor of the horizontal array, corresponding to the
wall/balcony arrangement in Figure 1.

As expected, the efficiency of the diffusor depends on the depth and width of the size varying wells. In this case, the wells
were 4cm wide, with 1, 2, and Scm depths with a 9cm waveguide depth, as represented in Figure 4.

Figure 4: Representation of the diffusor geometry used for the vertical wall.
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The diffusor is able to prevent the comb-filter effect above its cut-off frequency, distributing the reflected energy through
a longer time interval, even if the balcony underside is not a diffusive surface. Further simulations were performed with
additional surfaces (such as a reflecting floor) which, as expected, significantly reduced the referred comb-filter effect.
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Figure 5: Diffuse reflections from a wall and varying lengths and orientations of a balcony underside. The horizontal
thin line represents the sensor array.

Analysing the time-space variation of the sound pressure allows more information to choose the most optimized solution.
Considering only the third column of Figure 1 and Figure 5, which considers the 2m balcony depth, the representation of

the spatial and temporal impulse response depicted in Figure 6 shows how the sensor array is irradiated by the direct and
reflected waves, both for the specular and diffuse reflections.

While the horizontal balcony gathers most of the energy and redirects it to the stage with an even distribution to most of
the sensors, the 40° orientation demonstrated, in this case, to also be very effective returning sound to the stage both with
specular reflecting surfaces and with the scattering vertical surface. The 20° orientation is ineffective except for the very
first set of sensors closer to the vertical wall, and the 60° orientation was only useful for the more distant set of sensors.

If the horizontal balcony is not an option from the design point of view, a set of differently oriented surfaces can allow
for a more optimized energy distribution.
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Figure 6: Spatial-temporal variation of sound pressure along the sensor array (left — no scattering; right — scattering on

4

the vertical surface. The darker line depicts the direct sound arriving at each sensor.

Conclusions

In this paper the FTDT method was used to study simple cases of surfaces geometry changes for a concert hall stage. The
detail that the method allows is useful to understand the distribution of sound energy both in time and space and how
small variations can impact design decisions. Apart from the information presented in this paper, the animations that
derive from the calculations were very important to illustrate to the design team, the importance of surface orientations.
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New technical developments have enabled the use of computational cloud solutions in the field of acoustics.
It is therefore possible to run state of the art wave-based solvers in an efficient and cost-effective manner.
In this paper we present the advantages and opportunities of using Treble’s cloud-based computing service
for acoustic simulations. A handful of selected validation cases will be presented with special focus on
cases that are relevant to acousticians working in the building industry. They include both direct
comparisons with measurements on site as well as comparisons with reference scenes from the BRAS
database (Benchmark for Room Acoustical Simulation).

1 Introduction

Treble is a hybrid room acoustic simulation tool that combines accurate wave-based (WB) simulations at low frequencies,
to capture the important wave and modal behaviour, and geometrical acoustic simulations (GA) at high frequencies, to
take advantage of the fast calculations. Treble is the first room acoustic software that hybridizes the WB and GA methods,
which has been long awaited development in the acoustics community.

The aim of this paper is to highlight the fundamentals and strengths of Treble’s room acoustical simulation tool. This is
achieved by comparison with a reference case from the BRAS (Benchmark for Room Acoustical Simulation) database as
well as a comparison with on site measurements. The paper will also serve to highlight some of the most important aspects
when simulating acoustics in a hybrid solver.

2 RS 5 — Diffraction

2.1 Setup and background

When there is an impenetrable obstacle between a sound source and a receiver, sound diffracts around the obstacle.
Examples include diffraction around a noise barrier outdoors and diffraction through half-open doors. Diffraction is an
important phenomenon in room acoustics that traditional energy-based geometrical acoustics methods struggle to
simulate. There are some ways to add diffraction in geometrical acoustics, such geometrical theory of diffraction [1] and
analytical secondary source modelling [2] etc. As previously stated Treble’s wave-based solver however solves the wave
equation directly which allows for more accurate simulations. In this work, a diffraction scenario is simulated in Treble,
which is RS5 case in the BRAS database [3], as shown in Figure 1.
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Figure 1: Setup for diffraction modelling. Top — Measurement setup. Bottom — Setup in Treble

2.2 Results

All source/receiver configurations were tested in Treble and compared to measurement results. For the LS02 and MPO1
(without any line of sight), Treble and another commercial GA simulation with built in diffraction modelling are compared
to the measurement as shown in Figure 2. It is clear that Treble shows a better agreement in the trough locations, which
actually shows destructive interference due to diffracted wave components from the edges.

Diffraction

—— BRAS
—— Treble
—— Geometrical Acoustics

i
""M
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126 250 500 1000
Frequency [hz]

Figure 2: Comparison between a simulation in Treble, another GA solver software and measurements.

In Figure 3, the transfer functions at all three receiver locations for source LSO1 are compared between measurements
and Treble simulations. This particular source was chosen for display purposes as it’s out of sight from all receivers. In
all cases, there are good agreements observed.
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Figure 3: Comparison of transfer functions between Treble and measurements for LS1

The main sources of errors are slight uncertainties in the source and receiver locations, an omni-directional source
modelling in Treble, and spurious reflection possibly from the room surfaces in Treble as the random incidence absorption
coefficients of the boundary walls are 95% and not fully absorptive. Despite these uncertainties, the Treble simulation is
convincing.

3  On Site Measurement Comparisons

3.1 Small Office Space

A study was conducted in a small office space to validate the accuracy of Treble’s simulation algorithm on site. Figure 4
shows a photo of the space in question and the associated 3d model that was created to simulate in Treble. The room has
a volume of approx. 48 m> and a Schroeders frequency of 190 Hz.

Figure 4: Left- The room in question. Right — The corresponding 3d model in Sketchup
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Two main reasons influenced the choice of the room for this experiment. Firstly, that it’s a small office with a high
Schroeder’s frequency. The modal behaviour of the sound field is therefore dominant up to the mid-frequency range
which is difficult for traditional GA algorithms to simulate. Secondly the acoustic treatment in the room consists of 50
mm rockwool panels that have been lined along the perimeter of the ceiling while the middle of the ceiling is left untreated.
The location along the perimeter is strategic as it is where the pressure peaks of the room modes occur. It should therefore
lead to lower reverberation times at low frequencies when compared with the same amount of absorption located
elsewhere. This effect on the low frequency response is not possible to simulate using traditional GA algorithms or other
statistical methods such as Sabine’s or Eyring’s estimations.

To accurately predict the impulse response of a space using Treble’s wave solver, the amount of detail in the associated
3d model is critical. The higher the transition frequency between the wave and geometrical solvers, the higher the level
of detail necessary to model. A good rule of thumb is to model detail down to approximately a quarter wavelength of the
transition frequency between the wave- and geometrical solvers, which in this case was chosen as the octave band centred
around 1000 Hz.

To begin with the simulated frequency response was compared with the measured one, up to the Schroeder’s frequency,
where modal behaviour is expected to dominate. The measurements were conducted using Nor276 omnidirectional
loudspeaker, Nor145 sound level meter and Nor280 amplifier. The source and receivers in the Treble simulation were set
as omnidirectional. Figure 5 shows the results at the measurement position pictured in Figure 4. Note that there were
some slight spatial discrepancies between the position of the source in Treble and on site that can affect the comparison:
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Frequency [Hz|
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Figure 5:Comparison of the measured and simulated frequency responses

When setting up the simulation in Treble a conscious decision was taken only to use Treble’s database of materials and
not create any custom materials to avoid the problem of tailoring a simulation exactly to measurements. The materials
and the associated absorption coefficients chosen for the simulation were chosen as follows:
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Table 1: Absorption coefficients and scattering for the surfaces in the Treble model

Material a-125 | a-250 | a-500 | a-1000 | a-2000 | a-4000 | Scattering
Hz Hz Hz Hz Hz Hz

Gypsum walls 0.09 0.08 0.06 | 0.04 0.04 0.03 0.15

Concrete walls 0.01 0.01 0.01 | 0.01 0.01 0.01 0.15

50 mm rockwool 0.35 0.69 0.83 | 0.84 0.87 0.91 0.15

Absorption

Wooden furniture 0.02 0.03 0.04 | 0.04 0.04 0.04 0.5

Windows 0.08 0.05 0.04 | 0.03 0.03 0.03 0.25

Linoleum flooring 0.02 0.02 0.02 | 0.02 0.02 0.02 0.15

on concrete

Office chairs 0.35 0.47 0.63 | 0.72 0.78 0.86 0.6

Papers and books 0.04 0.09 0.2 | 0.32 0.39 0.41 0.5

in the shelves

Monitors and 0.07 0.09 0.14 | 0.19 0.22 0.22 0.5

printer

PC 0.1 0.1 0.1]0.1 0.1 0.1 0.5

It’s important to note that to achieve accurate simulation results above the transition frequency a good scattering input is
also important. It’s generally more detrimental to underestimate scattering rather than overestimating it, when comparing
with measured values. The more geometrical detail omitted in the 3d model, the more important it becomes to input
sufficiently high scattering coefficients. E.g. when omitting modelling small objects on a table it’s important to increase
the scattering coefficient of said table when compared with an empty one. Small objects and edges are also generally
more diffusive than larger surfaces.

A comparison of the measured T20 to the one simulated in Treble as well as the calculated using Sabine’s estimate can
be seen in Figure 6. The measurement and simulations were conducted using three source positions and 15 receiver
positions for each source position. As can be seen the fit is excellent, not in the least in the low frequency range which is
generally the most difficult to simulate.
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Figure 6: Comparison of the average of measured and simulated T20 values as well as Sabine results. The shaded area represents the
standard deviation of the measurements

3.2 CR4 - Simulation of a Large Auditorium

To validate a Treble simulation of a large room, BRAS scene CR4 was chosen as a reference [4]. The room in question
is a huge auditorium with a volume of 8700 m>. The absorption coefficients for all surfaces are predefined in the BRAS
database as shown in Table 2:

Table 2: Absorption coefficients for the surfaces in the Treble model

Material o -63 a-125 | a-250 | a-500 a-1000 | a-2000 | o -4000
Hz Hz Hz Hz Hz Hz Hz
Bricks 0.16 0.19 0.16 | 0.20 0.08 0.21 0.16
Concrete 0.04 0.08 0.07 | 0.07 0.07 0.03 0.05
Parquet 0.08 0.06 0.04 | 0.03 0.05 0.07 0.10
Seating 0.16 0.09 0.24 | 0.29 0.30 0.27 0.35
Windows 0.12 0.14 0.07 | 0.05 0.05 0.08 0.05

A 3-way dodecahedron sound source was used during the measurement and an omni-directional microphones B&K 4134
was used in the seminar room. The Treble simulation uses an omni-directional source and omni-directional microphone.
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The transition frequency between the wave- and geometrical solvers is 355 Hz, meaning that the wave-solver is used up
to the 250 Hz octave band. 5 microphones are spread over the audience plan as can be seen in Figure 7.
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Figure 7: Measurement setup with the sources on the stage and receivers in the audience area

The simulated and measured ISO 3382 parameters are compared in Figure 8. The parameters are calculated from 2 sources
and 5 receiver locations (thus 10 combinations) and then their averages and standard deviations are plotted. The resulting
impulse response was analysed in Dirac to get the results in one-third octave bands. Note that in Treble the seating area
was modelled as a flat box to conform with the predefined BRAS model. For accurate wave-based simulations it is
however recommended to model the seating area in more detail. Since this case is mainly a test case for Treble’s
geometrical solver this simplification was deemed acceptable.

EDT is a reverberation parameter which is sensitive to early reflections and spatial deviations. It is a relatively difficult
parameter to fit reliably between simulations and measurements. Typically, the spatial deviation of EDT is larger at lower
frequencies. In the low frequency bands up to 125 Hz, a slight overestimation in the simulated results is observed.
However Treble results shown in Figure 8 agree well with the measurement from 250 Hz and up. Centre time, Ts, is also
a sensitive parameter to the temporal structure of the impulse responses. The average values of Ts from Treble are quite
reasonable as well as the standard deviation. C50 also agrees well with measurements, particularly the average values.
D50 is another clarity parameter that uses 50 ms as the transition time from early to late reflections. Good agreements of
D50 parameter are observed between the simulation and BRAS measurement.
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Figure 8:Parameter comparison between Treble simulations and measurements

4

Summary

The paper has highlighted the validity of Treble’s simulation algorithm for some of the hitherto hardest cases to simulate
in traditional room acoustics. Namely the effect of diffraction as well as low frequency behaviour in small rooms. This
has been achieved both by simulating predefined and controlled reference cases as well as more traditional on site
measurements. It has also been highlighted that Treble’s geometric solver is capable of accurate simulations in larger
rooms and in the mid-high frequency range in small rooms. The results show that Treble’s platform can outperform
traditional GA simulation tools in the aforementioned difficult cases and therefore provide more accurate simulations of
the sound field than has been possible before.
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The Paviljonki exhibition centre in Jyviskyld was built in the 2002 and included the Wilhelm Auditorium.
In 2020 it was decided that the hall should be the new home for the Jyviskyld Sinfonia.

Very quickly, it became clear that, while speech acoustics were excellent, the hall did not have room
acoustics appropriate for symphonic music. It was also very clear, that to physically change to hall to have
appropriate acoustics, would essentially mean rebuilding the whole hall from scratch.

It was therefor decided to design for an electro-acoustic enhancement system in the hall and to redesign the
stage for use with a symphonic orchestra. Also, rehearsal rooms for the orchestra were made in one of the
exhibition halls.

The paper will describe both the design and the final result.

1 Introduction

The Jyvéskyld Sinfonia is a gem of Central Finland's classical music, based in Jyvéskyld. The orchestra's almost 120
events reach more than 35,000 listeners every year. Since there has been no concert hall designed for acoustic music in
Jyviskyla, the Jyvidskyld City Theatre has been the home hall of the Jyvaskyld Symphony.

When the renovation of the city theatre was approaching, preparations began to take over Jyvéskyld Paviljonki Wilhelm
Hall for conference use as well as for the Jyvéskyld Sinfonia. Initial acoustic measurements were done in the hall, using
the reduced virtual orchestra system [1],[2]. These clearly showed that even though the Wilhelm Hall had excellent
speech intelligibility, neither the acoustic conditions, nor the stage or backstage arrangements, were anywhere close to
what would be needed to host regular acoustic concerts.

Also, it was clear that achieving sufficiently good acoustic conditions, using traditional methods, would not be possible
so it was decided from the very start that the only feasible solution would be to install an Electro Acoustic Enhancement
system.

2 Acoustic design

The acoustic design for the original hall was done by Raimo Parjo.

The Wilhelm Hall is actually 3 separate halls: a traditional, very wide auditorium and two smaller halls that can be rotated
180 degrees and used separately, see figure 1.

The original ceiling in the original halls were gypsum board, profiled to optimize natural speech intelligibility, and it
worked very well for this purpose. For the future use of the hall, the ceiling proposed two major concerns: its shape was
too projective (optimized for speech intelligibility) and it was quite heavy. This was a problem because there was no
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official information about the loadbearing capacity of the ceiling, so by removing the heavy gypsum board ceiling and
replacing it with a more lightweight metal mesh ceiling, at least some load capacity was achieved.

Figure 1: Original stage

Figure 2: Length section before renovation

Figure 3: Section of the hall after renovation
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Figure 4: Plan of the hall after renovation

Also, it was clear that the original stage was neither sufficient large nor appropriately for a symphony orchestra. All stage
walls were curtains, and there was very little storage space behind the

The original stage was made from podiums and not sufficient deep for a symphony orchestra. Furthermore, the orchestras
demand was for a stage with as good as possible natural acoustics, so fixed stage walls had to be designed.

The solution was to remove the backwall and extend the stage about 2 m back and to extend the back-stage area by
extending the curved outer walls to the staircase and to make a loading ramp in front. Also, this meant that the rear part
of the stage, see figure 3, is built on top of the old backstage concrete floor, where as the rest of the stage is a traditional
wood on joist construction. Furthermore, there is an option to extend the stage by 1,5 m for large orchestras, see figure 6.

The overhead reflectors are made from bended plywood.

The stage wall is constructed from gypsum boards with a veneered plywood board on top. The shelves are veneered
plywood.

The original ceiling was removed and replaced with an acoustically transparent meal mesh. This increased the volume of
the hall but as the area above the ceiling is mainly ventilation installations and thus very absorbent, the increase in volume
did not increase the reverberation time in the hall.

It was also clear that the electro acoustic enhancement system had to work from the beginning and as the orchestra had
experience with an old, not very well working system in their old hall, it was decided not to take any chances with the
new system. Therefore, the main requirement for the new system was:

- Reference installation in halls with a resident orchestra
- Well documented tuning
- Fast service/repair
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For this reason, the Meyer Constalation system was chosen.

Figure 6: Enlarged stage

3 Achieved acoustic conditions.

As the acoustics of the hall is based on the electro acoustic enhancement system, the hall has several different setups:
- PA
- Drama
- Musical Theatre
- Chamber Music
- Symphony
- Choir
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Also, all settings are done of both occupied and unoccupied hall and with the rear pods connected to the hall or closed.
However, it was decided that for concert, the rear pods will always be connected to the hall, so all 1000 seats can be sold.

The reverberation time for the different setting is shown in figure 7. As can be expected, the variation is far above what
one can achieve with traditional variable acoustics. The same can be seen in figure 8§ for the Early Decay Time.
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Figure 8: Early Decay time for the different setting
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As can be seen from figure 10, the Cso is greatly lowered with the system on, however is can also be seen that the change

with distance is much smaller. In particular this is evident receiver’s 30+ m from the stage which is the receiver located
in the rear pods.
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4 Conclusion

The comments from most reviewers have been “Well, this is now a concert hall” which can be seen as a confirmation that
the design has been successful. The conditions on the stage are still being optimized, both for the electronic enhancement
system as well as for the “natural” reflectors. Also, some extra reflectors covering the entrances to the stage are planned.

But overall, the end-result proves that it is possible to convert a hall, which by traditional acoustic measures would be
“impossible” for acoustic symphonic music, it to a venue where it is possible for the orchestra to play without having to
fight the acoustic conditions.
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This study examines the subjective perception of reverberation length in rooms equipped with
Reverberation Enhancement Systems (RES) through laboratory listening tests. While many
acousticians have explored the correlation between subjective judgments of reverberation and
objective criteria in regular concert halls, the influence of RES on these evaluations remains
inadequately investigated. The decay of acoustic energy in rooms with RES exhibits a double-slope
characteristic, distinguishing it from typical impulse responses recorded in rooms lacking this
system. The study reveals a discrepancy in the assessment of perceived length between "stop-chord"
and "running" reverberation. Additionally, the results suggest that both the initial and later segments
of the impulse response should be considered when evaluating reverberation length perception.
These findings enhance our understanding of the relationship between subjective perception and
objective measures of reverberation length, offering insights into the perceptual evaluation of
acoustic environments.

Introduction

Reverberation time (RT), originally defined by W. C. Sabine, serves as the fundamental parameter for assessing
interior acoustics [1]. Despite the existence of supplementary parameters, RT retains its prominence, often being
the sole metric reported. Numerous room acoustics parameters are founded on energy dissipation and exhibit
correlation with RT, with certain metrics such as Bass Ratio or Treble Ratio are directly calculated from RT [2].
Extensive research has been conducted on the relationship between subjective perception of reverberation and
objective criteria. Atal and Schroeder [3] identified the initial 160 ms of the impulse response (IR) as crucial for
reverberation perception. Jordan [4] introduced the concept of Early Decay Time (EDT) as the measure of the first
10 dB of decay, positing it as the most indicative of reverberation length perception. In 1974, Hungarian
acousticians conducted a test employing 24 audio sample pairs with 25 listeners in an anechoic chamber and 136
listeners using headphones [5]. However, conclusive results were not obtained, leading the researchers to
emphasize the intricate nature of reverberation perception and the necessity for further investigation. Kahle and
Jullien [6] proposed an extension of the effective duration of the Early Decay Time (EDT) window and advocated
for the utilization of a 15 dB decay as the optimal indicator of reverberation time, based on empirical inquiries.
Soulodre and Bradley's study observed a higher correlation between EDT and subjectively perceived reverberation
in laboratory tests compared to RT20 [7]. Barron, through an extensive investigation of 17 British concert halls,
explored the relationship between EDT and RT [8]. While he did not directly link the objective measure of RT to
subjective evaluations of reverberation length, Barron acknowledged the validity of previous studies' results and
highlighted new research directions in reverberation perception.

Nowadays, the demand for tailored acoustic solutions for various events has led to the construction of venues with
variable acoustic conditions. Reverberation Enhancement Systems (RES) using signal processing techniques are
gaining popularity for this purpose. These systems enable the adjustment of acoustic parameters as needed for
specific performances. The earliest installations of RES, utilizing microphone-speaker loops primarily to
introduce additional resonances and reflections, emerged in the 1960s [9,10]. Generally, active enhancement of
room acoustics can be accomplished via two main methods: regenerative and in-line approaches. Regenerative
systems employ omnidirectional microphones positioned beyond the critical distance from the sound source,
reproducing natural reflections within loops comprising microphones, delay lines, amplifiers, and speakers.
Conversely, in-line systems utilize cardioid microphones placed relatively close to the sound source, with artificial
reverberation engines integrated into each loop, augmenting the original sound captured by the microphones
[11,12,13]. It is noteworthy that the reverberations generated by RES often exhibit non-linear impulse response
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(IR) slopes, distinguishing them from most IRs recorded in venues lacking such systems. This discrepancy is
evident in the differences between Early Decay Time (EDT) and reverberation time (RT) values, which would
typically approximate each other in the case of linear decay.

Moreover, in accordance with ISO 3382 [14] standard, the challenge of achieving a 60 dB drop during
measurements has led to the introduction of RT20 and RT30 parameters, denoting decays of 20 dB and 30 dB
(measured from -5 dB below stable state), respectively. Additionally, RT10, representing a 10 dB drop, serves as
an intermediary measure between Early Decay Time (EDT) and RT20. Regarding reverberation perception,
research suggests that the Just Noticeable Difference (JND) for EDT and RT is approximately 5% [15], although
recent findings indicate an EDT JND value of 18% [16]. The discourse on standards pertaining to objective
measurements and result interpretation remains ongoing [17], and further investigations are likely to influence
existing parameters. Nonetheless, this study adheres to currently established standards. Employing such a
methodology facilitates the comparison of findings with those of analogous experiments conducted previously.

Aim

The primary objective of this experiment was to determin the most suitable objective measure—namely, EDT,
RT10, RT20, or RT30—that aligns with the subjective perception of reverberation length experienced by listeners,
particularly in environments where reverberation is generated by RES. Additionally, the study aimed to evaluate
the consistency of this perception in spaces both with and without RES.

Materials and Methods

The present experiment aims to explore the perceived reverberation length elicited by reverberations generated
through RES. A listening test was administered to examine the influence of individual parameters: EDT, RT10,
RT20, RT30, on the perceived reverberation length. This test entailed the presentation of stereo sound sample
pairs differing solely in one of the aforementioned objective parameter values utilized for quantifying
reverberation length. Subsequently, listeners were tasked with comparing the samples and indicating which one
they perceived to possess a longer reverberation length.

1.1 Impulse Responses (IRs)

Given the spatial nuances inherent in reverberation, stereophonic audio samples were selected for the experiment
to accurately replicate conditions observed within concert halls. Utilizing AKG 414C B-ULS microphones
configured in Mid-Side (M-S) arrangement, comprising a cardioid microphone and a figure-of-eight microphone,
over 200 impulse responses (IRs) were captured from five distinct concert halls outfitted RES. Among these
venues, four are multipurpose halls equipped with RES, while one serves as a demonstration hall with RES
installed for illustrative purposes. Each auditorium within these halls shares a similar seating capacity,
accommodating audiences ranging from 320 to 408 spectators.

Parameter values presented in this study were derived by averaging measurements across bands spanning from
125 Hz to 8 kHz at each measurement point. The EASERA Pro v. 1.2 software facilitated the collection of IRs
and the computation of parameter values. EASERA Pro v. 1.2 calculates parameter values by extrapolating from
level decay patterns specific to each parameter, aligning with the requirements outlined in measurement standard
regulations [14].

1.2 Stimuli

The IRs utilized in generating audio samples for the listening test were meticulously chosen to maintain close
alignment among three out of four parameters (EDT, RT10, RT20, RT30) and the meaningful difference for the
rest of them. Specifically, the discrepancy between parameter values was constrained to be less than half of the
Just Noticeable Difference (JND) threshold for each respective parameter. Furthermore, the value of the parameter
under investigation was deliberately selected to exhibit a difference between values of at least one and a half times
the JND for that parameter.

The anechoic recordings employed in this experimental setup comprised brief instrument excerpts spanning
durations of 15 to 20 seconds. These excerpts encompassed a solo flugelhorn performance, representing "running"
reverberation, and rhythmic beats from a snare drum, representing "stop-chord" reverberation. These anechoic
recordings underwent convolution with the IRs to yield stimuli for the listening test.
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For the snare drum sound samples, participants were able to discern both the buildup and decay of reverberation.
Conversely, for the flugelhorn sound samples, the beginning part and final part of the excerpts were gradually
faded in and out, respectively, to obviate the perception of reverberation buildup and decay by the listeners. The
flugelhorn melody was played continuously, without of pauses.

1.1.1 IRs with different EDT

Table 1 presents the objective parameter values of one of pairs used in the study, corresponding to the sound
samples employed in the experiment, which aimed to examine the influence of altering the Early Decay Time
(EDT) value on reverberation length perception. The disparity in EDT values among the samples exceeds 0.15
seconds, whereas the difference between the values of other parameters—namely, RT10, RT20, and RT30—are
less than 0.03 seconds.

Table 1: Measured values for different EDT

pair/

sample EDT [s] | RT10 [s] RT20[s] RT30 [s]
1/A 1,08 1,19 1,20 1,20
1/B 0,91 1,20 1,20 1,19

1.1.2 IRs with different RT10

Table 2 delineates the objective parameter values of one of pairs used in the study corresponding to the sound
samples employed in the experiment, which aimed to explore the influence of modifying the Reverberation Time
at 10 dB (RT10) value on reverberation length perception. The divergence in RT10 values among the samples
exceeds 0.15 seconds, while the disparities between the values of other parameters—namely, Early Decay Time
(EDT), Reverberation Time at 20 dB (RT20), and Reverberation Time at 30 dB (RT30)—are less than 0.06
seconds.

Table 2: Measured values for different RT10

pair/

sample EDT[s] | RT10[s] | RT20([s] | RT30[s]
A 0,08 L14 1.27 131
1/B 1,02 1,30 1,32 131

1.1.3 IRs with different RT20

Table 3 presents the objective parameter values of one of pairs used in the study corresponding to the sound
samples utilized in the experiment, which aimed to assess the effects of modifying the Reverberation Time at 20
dB (RT20) value on reverberation length perception. The disparity in RT20 values among the samples exceeds
0.15 seconds, while the differences between the values of other parameters—namely, Early Decay Time (EDT)
and Reverberation Time at 10 dB (RT10)—are less than 0.02 seconds. Notably, discrepancies in the values of
Reverberation Time at 30 dB (RT30) exceed the predefined threshold. This discrepancy is attributed to the non-
linear characteristics of the impulse responses (IRs). When RT20 surpasses both EDT and RT10 values, RT30 is
correspondingly elevated.

Table 3: Measured values for different RT20

pair/

sample EDT [s]| RT10 [s] RT20 [s] RT30 [s]
1/A 0,67 0,79 1,08 1,19
1/B 0,67 0,80 0,85 0,87

1.1.4 IRs with different RT30

Table 4 presents the objective parameter values of one of pairs used in the study corresponding to the sound
samples utilized in the experiment, which aimed to explore the impact of altering the Reverberation Time at 30
dB (RT30) value on reverberation length perception. The discrepancy in RT30 values among the samples exceeds
0.15 seconds, while the differences between the values of other parameters—namely, Early Decay Time (EDT),
Reverberation Time at 10 dB (RT10), and Reverberation Time at 20 dB (RT20)—are less than 0.06 seconds.
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Table 4: Measured values for different RT30

pair/

sample EDT [s]| RT10 [s] RT20[s] RT30 [s]
1/A 0,21 0,48 0,67 0,77
1/B 0,20 0,48 0,67 0,96

1.3 Participants

The experiment was conducted with 105 participants with normal hearing. Among them, eight individuals were
below 20 years of age, 45 fell within the age range of 20 to 29 years, 19 were aged between 30 and 39 years, 25
were aged between 40 and 49 years, and five were above 50 years of age. Experiment was conducted during sound
engineering training sessions at an industry conference prepared for sound engineers and music producers, all
participants possessed experience in assessing reverberation length and demonstrated proficiency in discerning
subtle nuances within reverberant structures.

1.4 Procedure

The experiment was executed with an internet-based platform for stimulus presentation to participants. Sound
samples were presented through a MOTU M2 interface with hardware volume control. Participants employing
Focal Listen Pro headphones for auditory perception; however, a minority of participants (less than 10%) utilized
their personal headphones during the test. Prior to commencement, participants were briefed that inquiries
pertained solely to reverberation length, excluding other acoustic parameters from consideration. Throughout the
experiment, participants encountered pairs of sound samples where three reverberation time parameters remained
constant while the parameter under investigation varied. For each parameter—namely EDT, RT10, RT20, and
RT30 - five pairs of "stop-chord" and five pairs of "running" sound samples were presented. Participants could
listen to each sample pair repeatedly before furnishing their responses. Initial sound level was standardized to 65
dB. Participants were tasked with identifying the sample within each pair perceived to exhibit a longer
reverberation time. Evaluation of participants' responses involved on the consistency between their perceived
alteration in reverberation length and the corresponding numerical variation in the specific reverberation time
parameter under examination. Correctness of responses was adjudged based on the congruence between
participants' perceived alterations in reverberation length and the actual numerical shift in the tested parameter.
Conversely, if a participant identified the sample with shorter reverberation when the tested parameter was
augmented, the response was considered as incorrect.

2 Results

Figure 1 illustrates the outcomes for running reverberation samples, while Figure 2 portrays the results for stop-
chord reverberation samples. The depicted values signify the percentage of correct responses for the parameter
under scrutiny across all presentations administered to the test participants. To evaluate whether participants'
responses were statistically significant or merely random, a binomial test was conducted, contrasting the
proportion of correct responses against a hypothetical value of 0.5. The findings revealed statistical significance
in nearly all instances (p < 0.05), except for the "RT30 running" condition, where both responses were equally
prevalent (263 and 262). The data indicate that for running reverberation samples, correct responses were observed
in 61%, 58%, 72%, and 50% of instances for the EDT, RT10, RT20, and RT30 parameters, respectively.
Conversely, for stop-chord reverberation samples, the corresponding figures were 27%, 55%, 90%, and 77% for
the EDT, RT10, RT20, and RT30 parameters, respectively. Of note, the parameter exhibiting the highest
concordance between its numerical variation and the perceived reverberation length was RT20, evident in both
running and stop-chord reverberation samples. Moreover, RT20 obtained the highest proportion of correct
responses across both types of reverberation samples.
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Figure 1: Correct answers for "running” reverberation
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Figure 2: Correct answers for "stop-chord” reverberation

Discussion

In the assessment of "running" reverberation, the RT20 parameter exhibited the highest level of agreement
between its numerical variation and the subjectively perceived reverberation length. Specifically, 72% of
participants provided responses consistent with the anticipated outcome based on changes in RT20. The remaining
parameters, ranked in descending order of performance, were EDT with 61% correct responses, RT10 with 58%
correct responses, and RT30 with 50% correct responses. Despite achieving statistical significance for responses
pertaining to the RT10 and RT30 parameters, response rates slightly exceeding 50% are deemed insufficient for
reverberation length evaluation. Consequently, the findings suggest that RT20 emerges as the most pertinent
parameter in assessing reverberation length for "running" reverberation.

For "stop-chord" reverberation, the RT20 parameter similarly demonstrated the highest level of concordance
between its numerical variation and the subjectively perceived reverberation length, attaining a correctness rate
of 90%. Subsequent parameters ranked in descending order of performance were RT30, RT10, and EDT, with
correctness rates of 77%, 55%, and 27%, respectively. Once more, the findings underscore RT20 as the optimal
predictor of reverberation length. It is noteworthy that the number of correct responses for RT30 is notably high,
surpassing that of any parameter in the "running" reverberation segment of the study. However, RT10, with a
correctness rate of 55%, cannot be considered a dependable predictor of reverberation length. Additionally, a
negative correlation is observed between the increase in parameter value and subjective evaluation of
reverberation extension for EDT, evidenced by a correctness rate of 27%. Nevertheless, this still highlights the
significant influence of parameter value on reverberation length assessment. Furthermore, the discrepancy in
relevance assessment between EDT and RT10 when appraising reverberation length is noteworthy, despite both
parameters delineating the same decay slope and occupying the early segment of the impulse response.

Statistical significance assessments were conducted for all decay evaluation parameters across both "running" and
"stop-chord" reverberation modes, revealing statistically significant findings. However, the RT30 parameter,
commonly utilized in accordance with global measurement standards, displayed the lowest significance in the
"running" reverberation mode, while the RT10 parameter exhibited the lowest significance across both "running"
and "stop-chord" reverberation modes. Notably, a negative correlation was identified among impulse samples
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characterized by variations in their Early Decay Time (EDT) value, an observation of particular interest. This
correlation mirrors findings reported in a previous study [5], albeit the present study confirms the relationship
across a larger sample size. Moreover, an escalation in EDT value while maintaining consistent values for other
parameters fails to align with subjective perceptions of increased reverberation length.

It is imperative to emphasize that the findings obtained in this study deviate from established research on
reverberation length perception in environments devoid of RES [4, 7]. This incongruity suggests a potential
divergence in the perception of reverberation characterized by double-slope impulse responses (IRs) compared to
reverberations featuring more linear decay slopes. Further investigations are warranted to conclusively ascertain
the influence of RES on reverberation perception. The present study predominantly centered on double-slope
decay IRs generated by RES, shedding light on the unresolved inquiry surrounding the relationship between
diverse objective measures of reverberation and its subjective perception by human observers.

Moreover, the survey outcomes corroborate the contrasting perception of reverberation length between impulse
and continuous audio samples, aligning with findings in the existing literature [18].

Conclusions

The findings underscore the intricate nature of reverberation perception, highlighting its multifaceted nature that
cannot be distilled into a straightforward relationship between objective parameters and subjective evaluation.
Consequently, prevalent standards for objective parameter measurements may inadequately encapsulate the
perception process and fail to accommodate individual differences in perception. In view of these revelations, it
is recommended that the acoustic design of enclosures should consider the perceptual aspects of human listeners,
rather than relying exclusively on objective metrics. Integrating subjective evaluations into the acoustic design
process holds the potential to yield more precise assessments of acoustic quality, thereby enhancing the overall
acoustic experience for listeners. Below enumerated the detailed findings from the study:

e The correlation between subjective perception of reverberation and objectively measured parameters is
not a straightforward one-to-one relationship.

e  The study did not conclusively establish the dominance of EDT values in assessing reverberation length
for double-slope reverberations generated by RES, contrary to findings in prior research on reverberation
with a more linear impulse response shape.

e The presence of double-slope IRs in reverberations suggests the potential existence of a similar
relationship for other types of double-slope IRs, such as those resulting from the utilization of coupled
chambers.

e Further investigation is warranted to ascertain the generalizability of the findings to other forms of
double-slope IRs.

e It is essential to acknowledge that reverberation length perception is multifaceted and is not solely
contingent upon changes in a single parameter value. Parameters including RT10, RT20, and RT30 were
deemed pertinent in reverberation length assessment.

e The highest level of agreement was observed for the RT20 parameter across both "running" and "stop-
chord" reverberations, indicating its superior correlation with the subjective perception of reverberation
length across all signals.

It is pertinent to underscore that while the perception of reverberation length may differ between halls with and
without Reverberation Enhancement Systems, listeners are distinctly able to perceive changes in reverberation
length. Thus, it can be inferred that the implementation of RES to modify reverberation length in concert halls is
effective.

Given the confirmed differential perception of "running" and "stop-chord" reverberations, further investigation is
warranted in this domain to identify potential objective measures of this phenomenon. Comparative analysis of
results will aid in elucidating the predominant evaluation mechanism: whether reverberation length is assessed
during musical passages or during intervals between passages, when reverberation decay is distinctly audible.

Comments

The research results presented in this paper were presented also during Forum Acusticum 2023 conference and
were published in post conference proceedings. Thus, there is no new founding in this article, which was written
to present the results of the same research at the BNAM 2024 conference.
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The era from the 1960s to the 1980s saw a great boom in the construction of city theatres in Finland. These
theatre buildings — the status symbols of their cities — were designed by the most renowned modern Finnish
architects alongside the top experts of acoustic design and theatre technology of the time. 50 years later,
however, the buildings were reaching the end of their technical lifecycles, all the while there had been
developments in the demands of the theatre production process as well. Since the 2010s, many modern era
theatre buildings have seen extensive renovations to meet current requirements.

This paper presents five Finnish theatre buildings built during the 1960-80s’ heydays and renovated in the
past 10 years with the authors as acousticians: Seinédjoki city theatre (completed 1987, renovation 2014-
20), Lahti city theatre (completed 1983, renovation 2019-2022), Jyviskyla city theatre (completed 1982,
renovation 2022-25), Helsinki city theatre (completed 1967, renovation 2013-17), Rovaniemi city theatre /
Lappia-talo (completed 1975, renovation 2011-15).

The paper compares the theatres’ architectural and technical features that affected the acoustical design of
the renovations. The paper presents an overview of the acoustical conditions before the renovations, the
encountered issues and their remedying principles and the post-renovation acoustical conditions.
Discussing the room acoustics of the auditoria, studio design, sound insulation and noise control the authors
share some of the acousticians’ experiences gained from these unique buildings, wishing that the insights
might by helpful to similar renovation projects in the future.

1 Introduction

From the 1960s to 1980s a significant number of city theatres were built in Finland [1], which by the 2010s had reached
renovation age. This paper discusses five theatres of the period — Seinéjoki, Lahti, Jyviskyld, Helsinki and Rovaniemi
city theatre — renovated between 2011-25. The buildings have much in common: all being theatres the uses and functions
of the spaces are largely similar. All are modern landmarks of their cities designed by renowned architects [1], resulting
in strict building conservational requirements. Furthermore, all theatres shared the common main reason for the renovation
need: outdated technical systems. Despite the many similarities, however, the unique characteristics of each building
became clear during the renovation projects, presenting unique challenges to the design team — not the least acoustically.

The paper is intended as a case study of the five theatre renovations from an acoustician’s point of view. The authors’
aim is to present the properties of the theatres that have affected their acoustical design, highlighting the similarities and
dissimilarities, as well as to share insights into the encountered acoustical issues and their remedying principles. The main
source material for the paper consists of the architectural- and other plans and design material of the theatres, to which
the authors have had access having been involved in their renovation.

The purpose is to give the reader a general overview of the theatres and their properties, rather than immersing in too
much technical details. The renovations have largely been extensive projects, thus the presentation in the paper is
inevitably cursory. While the main emphasis is on the auditoria and their room acoustics, factors related to sound
insulation are also discussed. Finally, some insights are given into the acoustical design of studios and HVAC-systems.
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2 Case studies

2.1 Overview of the theatres

The basic information of the five theatres is given in Table 1. All the theatres were built between the 1960s and 1980s,
with possible later extensions noted in the table. The size of the buildings varies drastically, with Helsinki city theatre
being the largest and Seindjoki the smallest. All the theatres contain several auditoria, of which the most significant ones
are presented. The theatres were built in an era during which acoustical consultancy, albeit still in its infancy, already
existed as a specialized design field in Finland. Consequently, most of the theatres were originally designed with the help
of acoustical expertise. Table 1 gives the original acoustician in the cases that the authors were able to trace the
information from literature sources.

Table 1: Basic information of the five theatres. Sources: architectural plans, [1, 2, 3].

Seinijoki Lahti Jyviskylid Helsinki Rovaniemi
Built 1987 1983 1982 1967/89 V 1961/72/75 2
Renovation 2014-20 2019-22 2022-25 2013-17 2011-159
Size [brm?] 4560 11720 10 100 27260 12 300
Architect Alvar and Elissa Aalto | Pekka Salminen Alvar and Elissa Aalto | Timo Penttild Alvar and Elissa Aalto
(orig.)
Architect Talli Architects Sitowise UKI Arkkitehdit LPR Architects A-Konsultit
(renov.)
Acoustician Alpo Halme Alpo Halme Unknown Paavo Armi & Co, Unknown
(orig.) Alpo Halme ¥
Acoustician Sitowise Sitowise Sitowise * Sitowise (Helimaki Sitowise (Helimaki
(renov.) Acoustics) ¥ Acoustics)
Auditoria Alvar (429), Elissa Juhani (650), Eero Suuri ndyttdmo (550), Suuri ndyttdmo (920), Tieva (445),
(no of seats) (110), Verstas (60) (250), Aino (81) Studiondyttdmo (177) Pieni ndyttdmd (360) Kero/studio (145)
Y The original theatre was finished in 1967 and the extension Studio Elsa in 1989. A small extension was also added in the 2017 renovation.
2 The first phase was finished in 1961 and the second phase, consisting of the theatre and congress halls, in 1972 and 1975.
» A smaller indoor air quality renovation was carried out in 2018, in which Sitowise was not involved.
4 Paavo Ami & Co was responsible for the acoustics of the original theatre and Alpo Halme for the later extension Studio Elsa.
3 Sitowise was not involved in the preliminary design phase (hankesuunnittelu), but from there onwards.

2.2 Auditoria

2.2.1 Basic properties

Table 2 presents the basic properties of the theatres’ two largest auditoria regarding, e.g., their size and seat capacity. The
information is mainly based on the architectural drawings. The volumes given in the table are approximate values
including the auditorium only, without the flytower. The reported reverberation times are mostly calculated values based
on room acoustical modelling, and in a few cases measured values are provided.

To give a general picture of the differences in size, geometry and layout of the five theatres, Figure 1 presents a simplified
section cut and floor plan of each of the theatre’s main auditorium. The main hall in Helsinki is the largest, Lahti,
Jyviskyld and Rovaniemi come as second with roughly the same size, while Seindjoki is the smallest. All are essentially
proscenium -type theatres (proscenium opening as dotted line in Figure 1), with the front stage slightly protruding into
the auditorium in some cases. The main halls in Seinéjoki, Jyviskyld and Rovaniemi are fan-shaped, Lahti is rectangular,
while Helsinki is a mix of the two with splayed side walls. The stage configuration and layout vary.

Table 2: Basic properties of each theatre’s two largest auditoria. Sources: architectural plans, authors’ calculations, [1].

| Seindjoki | Lahti | Jyviskyli | Helsinki | Rovaniemi
Large auditorium
Name Alvar Juhani Suuri ndyttdmo Suuri ndyttimo Tieva
Volume [m?] P 2300 3400 3200 4900 3400
Seats 429 650 550 920 445
Volume/seat [m?] 54 52 5.8 53 7,6
Proscenium W x H [m] 12,8 x 4,6 11,9-23,6 x 8,4 13,3 x 6,1 22,5x9,3 12,8 x 5,7
Flytower height [m] ? 17 23 20,7 28 15
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(calc./calc.)

(meas./calc.)

(calc./calc.)

Stage configuration Main + back + | Main + back + Main + back + Main + back + Main +
1 side stage 2 side stages 1 side stage 2 side stages 2 side stages
RT (before/after) [s] ¥ 13/1,3 n/a 1,149/0,5 1,2/1,1 1,5/0,7

(meas./calc.)

Small auditorium

Name Elissa Aino Eero Studiondyttaimo Pieni nayttdmo Kero

Volume [m?] 700 780 3700 1560 5300 750

Seats 110 81 250 177 360 145

Volume/seat [m?] 6,4 9,6 14,8 8,8 14,7 5,2

RT (before/after) [s] ¥ n/a 0,7/0,5 1,1/1,1 -/0,5 0,8/0,8 1,5/-
(calc./meas.) (calc./calc.) | (calc.) (meas./calc.) (meas.)

D Auditorium only, excluding the flytower.

Free height from the stage floor to the highest point of the flytower ceiling.

Reverberation time, average at mid frequencies 500-2000 Hz in unoccupied theatre before and after renovation. Room acoustic models adjusted
to match a typical theatre setting (stage curtains etc.) and to ensure the comparability of results.

Reverberation time T20 measured in a typical orchestra setting with the stage partially covered with props/curtains, sound source on the front
stage and the original virtual acoustics system turned off [4].
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Figure 1: Section and plan of the main auditorium from left to right: Rovaniemi, Seingjoki, Jyvéskyld, Lahti, Helsinki.
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2.2.2 Room acoustics

A significant emphasis in all the five renovation projects was in updating and improving the functionality of the primary
and secondary theatre halls. The key acoustical issues and applicable solutions were investigated using room acoustical
modelling of the auditoria, utilizing measurement data whenever available. Feedback from the in-house audio technicians
and other theatre staff served as crucial background information to acoustical design, pinpointing the auditoria’s user-
experienced acoustical problems to be addressed in the renovation.

According to user feedback, the auditoria in all the five theatres relied rather heavily on live (unamplified) sound with
reinforcement utilized only as additional support when needed. Room acoustically, the halls did not much resemble a
traditional black box -type space with dead acoustics but, instead, the acoustics was generally more live, enabling also
unamplified sound to carry in the hall (not without problems, however, as later discussed). This is seen in the pre-
renovation reverberation times as well (Table 2), which are closer to a typical multipurpose hall than a traditional speech
theatre, the former having a recommended reverberation time of 1,2...1,5 s at 500-1000 Hz and the latter, respectively,
0,9...1,1 s [5]. Indeed, most halls were used for other purposes also, such as congresses and concerts, despite the main
use being theatre. Concerning the auditorium volume, most of the main auditoria fall in the range typically recommended
for a speech theatre, 4...6 m*/seat [5], except for the somewhat larger Rovaniemi’s Tieva hall which also had the highest
reverberation time before the renovation.

#1 Rovaniemi

One of the well-known aspects of Alvar Aalto’s performance spaces is that, while their architectural value is undisputable,
their acoustical quality is often not at the same level. This goes for the three theatre halls of this study as well — all had
acoustical challenges related to factors such as poor audibility and stage support. The main hall, Tieva, in Rovaniemi was
originally designed as a multipurpose space suited to — not only conventional theatre — but also concert and congress use.
The reverberation time (1,5 s at mid frequencies), while suitable to concerts, was too high for speech theatre use. Indeed,
the main acoustical issue of the hall had to do with poor speech audibility and clarity in the audience. In addition to too
high reverberation time, this was due to insufficient amount of early reflections from the wall and ceiling surfaces, caused
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by the problematic geometry of the hall. Pre-renovation speech intelligibility was further worsened by the old ventilation
system, which produced excessive background noise (Laq measured at 36...38 dB). The hall has a wide, asymmetrical
stage, a relatively low and narrow proscenium, and a steeply fan-shaped auditorium. The side walls are angled in such a
way that useful reflective surfaces are only visible from the front half of the stage — as a result, the rear of the stage is
acoustically in a separate room from the audience.

The acoustic issues were tackled with by adding absorptive surfaces in the auditorium, bringing the reverberation time
down to 0,7 s, and lowering the background noise level. Additional ceiling reflectors were also designed, although — due
to architectural and theatre technical constraints — only three reflectors were ultimately realized. All in all, the speech
intelligibility in Tieva did indeed improve, which was demonstrated by a notable rise in the modelled speech transmission
index (STI) in the auditorium: from 0,43...0,55 before to 0,62...0,66 after the renovation. At the same time, the changes
did also mean that the original live and reverberant nature of Tieva’s acoustics was lost, and performing in the hall became
more dependent on sound amplification.

#2 Seinijoki

The main hall, Alvar, in Seindjoki bears a strong resemblance to Tieva in Rovaniemi, except the proscenium is even
narrower and the stage is even deeper. However, consensus at the time was that the hall works extremely well and no
improvements to room acoustics were requested by the users. The only item on the users’ wish list for the renovation was
a new mixing booth to the rear of the auditorium. This required building a diffusive/absorptive structure behind the booth,
to remove any unwanted reflections caused by the curved rear wall. Additionally, all mineral wool-based absorbers were
replaced using synthetic materials due to indoor climate reasons. The synthetic absorption material selected for the hall
required an air gap behind the material to retain adequate mid-range absorption near 500 Hz — this was incorporated into
architectural plans bearing in mind the visual impact on partially protected ceiling and wall surfaces. Beyond this, the
room acoustics of neither the primary hall Alvar nor the secondary hall Elissa, saw any major changes during the
renovation. Both halls also retained their multifunctional characteristic following the renovation.

#3 Jyviskyla

The third theatre hall, also by Aalto, is in Jyvéskyld. The pear-shaped main hall suffered from large variations in sound
quality between different areas of the auditorium. Especially poor were the seats near the mid part of the auditorium where
live sound from the stage receives minimal support from the side walls — partly due to the fan-shape geometry of the
auditorium, but also because the front parts of the walls are covered with a wooden lath structure typical to Aalto, which
breaks up any useful reflections. The original idea in the renovation was to preserve the live acoustics of the hall and
improve upon it using ceiling reflectors etc. — this approach was, however, ultimately rejected by the client. Instead, it
was decided to base the functionality of the hall on a new virtual acoustics system used, among other things, to amplify
the actors’ voices and create a sense of reverberation for concert uses. Acoustically, this requires a rather dead acoustics
in the auditorium — this is to be achieved re-coating the walls with seamless acoustic plaster, while the original particle
board dropdown ceiling will be replaced with an absorptive one to add necessary mid to low frequency absorption. This
is a delicate task indeed, considering that the hall’s original visual appearance is to be preserved as well as possible. A
separate bass trap will also be built above the main stage close to the subwoofers.

Overall, the changes (if realized, the project still being in progress at the time of this paper) will drastically change the
acoustics of the hall, bringing the reverberation time down to about 0,5 s from the original 1,1 s. The idea of a virtual
acoustics is nothing new in Jyvéskyld theatre: such a system was installed in the main hall during the 1990s to increase
the reverberation time for classical concerts [4]. However, the system was mainly left unused, as the users did not much
like the resulting acoustics — hopefully the new system will have better success.

The secondary hall (Studiondyttimo) will also be completely redesigned, with the total volume extended and room
acoustics updated. The hall will house a similar virtual acoustic system as the main theatre hall and the reverberation time
will be in the same ballpark as well.

#4 Lahti

The renovation project in Lahti, begun in 2019 with upgrades for the smaller Aino and Eero auditoria. The in-house sound
technician specifically requested that both halls remain usable without amplification. This meant that instead of an
acoustically dead black box design, there was need to ensure enough sound reflecting support surfaces remain for the
performers as well as the audience. Acoustical design was also strongly affected by architectural considerations — although
lacking an official listed building status, the modernistic concrete-brutalistic interior architecture of the halls was to be
preserved, hence all the visible acoustical alterations needed to be carefully studied with the architect.

For the smallest auditorium, Aino, the plan was to leave parts of the side walls reflective and only add absorption required
by the loudspeaker system. Acoustical modelling was used to make sure the first reflections from loudspeakers were
hitting either absorptive or diffusive surfaces in order to minimize unwanted colorization, while leaving enough reflective

131



surfaces in between to provide support for stage sound. Some diffusive surfaces were added as well — for example, wood
beam lattices were mounted to the crevasses next to the stage and angled plasterboards added to the sides of the stage
itself. The purpose of these diffusor structures was to break any flutter echoes between the opposing concrete walls.

This was the plan. However, at some point during the construction, the plans were changed — without consulting the
acoustician — and as a result, the side and stage walls had been all but covered with absorption material. Moreover, the
rear wall was left completely untreated. Reverberation time in the finished hall was measured at 0,5 seconds at mid
frequencies, which was less than recommended. Instructions to remedy the situation were given, but to the knowledge of
the authors no changes have been made as user feedback has been positive. It seems that the main reason why the hall
works well enough, despite the room acoustical shortcomings, is it’s small size.

The second smallest auditorium, Eero, saw major structural changes: seats were replaced, stage and floors rebuilt, an air
intake chamber constructed and parts of the technical rooms and walkways extended to better utilize the available space.
Room acoustics overhaul followed the same formula as in the Aino hall: reflective support surfaces were added to side
walls where possible, while making sure amplified sound works by adding absorption in the areas hit by the first
reflections from the speakers. The reverberation time was kept at the same level as before the renovation (1,1 s). No final
measurements were made, but user feedback has been positive. The largest hall, Juhani, was not included in the 2019-22
renovation project — however, with its boxy and flutter-echoey auditorium and unusual stage configuration, it appears to
have some challenges in store for the acoustician in the coming renovations.

#5 Helsinki

The renovation of Helsinki theatre saw extensive acoustical improvements to both the main and small theatre halls. These
were, however, executed within strict architectural constraints, as the halls constitute a valuable part of the original interior
architecture by Timo Penttild. In the main hall, the users had experienced unwanted sound reflections on stage as well as
in the mixing booth at the back of the auditorium. For the stage, the problem was mainly caused by late reflections from
the hard surfaces on stage walls, doors and the flytower. This was remedied by adding absorption material to some of the
wall and ceiling surfaces of the main stage, which were determined using acoustic modelling. Additionally, a diffusive
dropdown ceiling was built to both side stages to improve their diffusivity while still keeping stage support at a reasonable
level. For the mixing booth, absorption was added to some of the untreated surfaces above and behind the work station.
The overall absorption area added during the renovation was kept small enough to not much affect the reverberation time
of the auditorium, which was already considered to be at a desirable level. Overall, the changes did indeed improve upon
the user experience and feedback has been positive. [6]

The small theatre hall’s main issue was with focusing caused by the steeply curved rear wall, combined with the ceilings
and walkways. This produced surprisingly strong localized reflections near the middle of the stage (see Figure 2). The
focusing was reduced by adding absorption to the rear wall and adjacent ceiling surfaces where possible and tilting the
windows (shown in purple in Figure 2) in such a way that sound reflections became more scattered. Some focusing still
remains but objectively the situation has improved significantly and user feedback has been positive here as well. [6]
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Figure 2. Illustration of the fc;cusing effect on the stage of the small aﬁditorium in Helsinki [6].

2.3 Sound Insulation

In addition to room acoustics, factors related to sound insulation played an important role in the renovations. Table 3
summarizes the sound insulation deficiencies reported by the users before the renovation, “x” indicating that sound
insulation between the corresponding spaces was found poor or inadequate. In most of the cases sound insulation
measurements were carried out at the beginning of the project to verify the starting point and to yield more detailed
information concerning the possible reasons for the deficiencies. The sound insulation problems mostly had to do with
airborne sound insulation, although some structure-borne and impact sound insulation issues were also found.

It is noteworthy that in all the theatres the user had reported problems with inadequate sound insulation in the auditoria —
although one could guess these to be the spaces to which the most acoustical effort was originally invested. In many cases
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the reported problems had to do with doors or openable walls, which is not surprising as the stage in all the investigated
main auditoria has access to surrounding (noisy) workspaces — or even another auditorium — via large sliding or ascending
doors/walls. Issues were also partly related to inadequate airborne or structure-borne sound insulation of old wall and
floor structures — these were improved upon within structural, architectural and economic constraints.

Table 3: User reported sound insulation problems before the renovation.

Sound insulation deficiencies | Seindjoki I Lahti | Jyviskylid | Helsinki Rovaniemi
Halls:

- large — small auditorium X H X X X

- auditorium — foyer spaces X -0 - X X

- auditorium — workshop spaces X H X X -

- auditorium — outside - -0 - X -
Other spaces:

- Studios (recording and control rooms) x " -3 x Y xV xV
- Rehearsal rooms X -3 X X X

- Offices (actors’ rooms, management etc.) - -3 - X X

D Large auditorium was outside the renovation scope, thus the current situation is unknown.

2 New studios were built during the renovation replacing the old ones.

»  Spaces outside the scope of the renovation.

2.4 Studios

The studios in Seindjoki, Jyviskyld, Helsinki and Rovaniemi were largely redesigned, because the old spaces were
technically outdated and had numerous acoustical problems. There was also need to reconsider the layout of the studios
and their placement in the building to improve functionality. An important part of the design process was finding out the
true needs and requirements of the users and client to avoid over-doing the acoustics and, ultimately, save costs and
resources — as an example, whether the studio space in question really needs heavy duty box in box structures and highly
optimized room acoustics, or whether a more modest approach to acoustical design is sudfficient.

Implementing acoustically and technically modern studio facilities in the old buildings was challenging in many ways,
and the acoustical solutions needed to be designed case by case within rather strict constraints. One of the main issues
was related to space, or rather to the lack of it — the existing spaces where the new studios were to be fitted were rather
small to begin with, and there were serious height constraints dictated by the existing load-bearing floor structures. This
meant that the size and geometry of the studios were rather fixed, while also setting constraints to the thickness of the
acoustical structures, affecting the achievable level of sound insulation and room acoustics (absorption, diffusion).

The general design principle of the sound recording studios, requiring the highest level of insulation, was to use box in
box double structures with as high thickness and mass as possible, as well as heavy-duty double windows and doors. The
target level of sound insulation for such studios was typically set at R’y > 65 dB / L’ <43 dB. An essential criterion in
room acoustical design was to ensure a reflection-free-zone to the recording area, while the requirements for reverberation
time and early reflections were mostly set based on commercial audio production standards [7].

2.5 Building Service Systems

Most of the renovations were initially motivated by the necessity to upgrade the building service systems (HVAC) to
meet modern requirements. In practice this meant, for example, equipping the buildings with mechanical ventilation
systems having considerably higher airflow rates than in the original situation — all the while ensuring that the acoustically
critical spaces remain silent. Moreover, a maze of new ductwork, pipes, electrical wiring etc. had to be added to the
existing spaces while meeting high sound insulation requirements. Adding up the general constraints of an old building —
confined spaces for ventilation ducts and machinery, poorly sound insulating structures and strict building conservational
demands — meant that the sound insulation and noise control of HVAC-systems was not without challenges.

The requirements for HVAC-noise levels were typically set at L cq1 < 25 or 28 dB for the auditoria and La ¢q 1 < 20 or 25
dB for the studios. In the auditoria, <25 dB was found to be achievable, but required careful consideration of all the noise
sources in the hall (not just the ventilation) as well as sound insulation improvements to the surrounding noisy technical
spaces. As for the studios, the experience was that < 25 dB represents a good-enough level in most cases, although the
experience from Helsinki showed <20 dB to be feasible as well, should better quality be desired. All in all, achieving the
HVAC noise requirements required a considerable effort from the acoustician, not only in the design but during
construction too, from providing acoustical consultation to the HVAC contractors to doing quality-control measurements.
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In most of the five theatres, MagiCAD for AutoCAD -software was used to aid the calculation of ventilation sound levels
in acoustically critical spaces. Although mainly used by HVAC-designers, in an acoustically demanding renovation such
as these the software was found to be a useful tool for the acoustician as well. However, the acoustic calculation in the
software was found to be rather simplified, not taking account of all the factors properly that affect noise in a ventilation
system — thus, acoustician’s expertise and complementary calculations were required in the design [6].

3 Conclusions and Discussion

This paper discussed five Finnish modern theatre renovations which, while sharing many similar characteristics, also
presented unique challenges to the acoustician. All in all, perhaps the most important common lesson from the projects
was to listen to the users — their experiences, feedback and requests — and adjust the acoustical requirements and solutions
accordingly. This was found to be especially important for the room acoustics of the theatre halls but applied to sound
insulation and studio design as well.

An important realization concerning the auditoria was that they are, after all, not just theatre halls per se but, rather,
multifunctional venues (often the only ones in the municipality) that house all types of performances from conventional
theatre to musicals, conferences and town hall meetings. From an acoustical and audio-technical standpoint, this requires
a somewhat hybrid approach in which the loudspeakers provide the necessary support, all the while the acoustics also
enable natural unamplified sound to carry in the space with ample room for the sound to breathe above and around the
audience. As the case with the Jyviskyld auditoria indicates, however, this hybrid functionality is being phased out with
multichannel soundscape implemented by virtual acoustic systems, which require an acoustically dead hall to work
properly. Whether favoring such loudspeaker-dependent virtual acoustics over natural unamplified acoustics is a good
thing or not, remains to be seen — in an architecturally protected theater hall with limited means for acoustical
improvements, it is nevertheless a tempting option.

Regarding sound insulation, a lesson to learn is that it should not be forgotten in theatre renovations — on the contrary,
while theatres are often considered mainly from the room acoustical perspective, the experience showed that improving
the sound insulation is in many cases as important to the users. The most effective means for improvement is, however,
not so much acoustical as it is architectural: laying out the spaces in such a way as to minimize noises from noisy spaces
reaching the spaces requiring silence. As an example, any noise from the workspaces adjacent to the theatre hall should
always pass thru multiple well-damped hallways and airtight doors before reaching the stage or audience. While the means
for such improvements in an existing theatre are naturally limited, they should be utilized to the largest extent possible.

Incorporating studios into an old theatre building is inevitably a compromise between space requirements and economic
viability. Finding out the true uses of the studio spaces and the needs of the user becomes essential: an expensive box in
box structure is overkill, if all the client needs is a better-than-average office room for light monitoring and editing
purposes. The heavy-duty box in box structures are best reserved for sound recording studios and similar spaces, where
truly needed. As for the noise control of building service systems, the experience showed that, in a theatre renovation, it
is a field which cannot be left in the hands of the HVAC-engineer alone, but requires careful attention — and, indeed,
design effort — from a skillful acoustician as well.
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Traditional reflector optimisation is based on point to point or point to zone transmission. A new optimi-
sation routine has been developed to shape a reflector for zone to zone transmission. The routine includes
the NSGA-III genetic algorithm, a so-called “many” objective algorithm, i.e. it can optimise more than 3
objectives at once. The objectives that can be optimised include: an even distribution of reflections in the
receiving zone, an even distribution of sources in the source zone, reflector efficiency, Lateral Energy, Gain
and Speech Intelligibility. Optimisation runs were performed with combinations of 2, 3 or 4 of these 6
objectives, but never more. Computer speed considerations limit the algorithm to 1* and 2™ order reflec-
tions. Similar to previous studies, calculation for the Lateral Energy objective employed the Single Lateral
Fraction (sLF) parameter. A new single reflection speech intelligibility fitness function is introduced, using
Lochner and Burger’s energy integration curves. Applications of the new routine are presented for two
experimental studies: a 1840 seat thrust stage theatre and a side wall balcony soffit addition to a 626 seat
multi-purpose venue.

1 Introduction

The importance of early reflected energy, that had been established in the academic world in the mid to late 20™ century
led to a paradigm shift in the acoustical design industry, essentially from the 1980s onwards. It became apparent that if,
for example, one wanted to design a room for good speech intelligibility, the tools were no longer absorption coefficients
and reverberation time equations but, rather, geometric studies that would deliver reflected sound within the first 50 ms
[1,2]. If the room was for music, the lateral energy thesis [3,4], established in the early 1970s, dictated a design that
would cast reflections to arrive at the listeners from the sides. By the end of the 20" century, reflector design had replaced
reverberation times as the acoustical consultant’s primary stratagem of choice.

Since that time many efforts have been made to optimise acoustic reflectors. However, few of these attempts, if any, have
embraced the modern multi-objective optimisation techniques currently being applied in so many other disciplines. This
is somewhat perplexing given the reality that the perception of sound in a room is a multi-dimensional experience. Central
to the application of multi-objective optimisation is the concept of Pareto Optimisation. The first part of this paper will
present a brief history of modern multi-objective optimisation then introduce this concept of Pareto Optimisation and how
it is applied in Genetic Algorithms. The second part will then demonstrate the application of these techniques and how
they are used to optimise surfaces casting reflections, not from a single point source to a zone of receivers but, rather,
from a zone of sources to a zone of receivers.

2 Multi-objective Optimisation Methods

2.1 Design Space and Objective Space

Multi-objective Optimisation studies work in two different mathematical settings, often known as the Design Space and
the Objective Space. In acoustic reflector optimisation, the Design Space is the 3-D geometric space inside which the
reflector is built. The performance of that reflector is then assessed with mathematical formulae designed to encourage
the goals of the optimisation. In Genetic Algorithms, these are often referred to as the Fitness Functions. The results of
these calculations are expressed graphically in what is known as the Objective Space. An example is shown in Figure 1.
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This graph comes from a classic challenge in concert hall
design, the desire to optimise Reverberance and Clarity at
the same time. Note how the axes in this graph do not quan-
tify Early Decay Times (EDT) and Clarity (C80) in the tra-
ditional sense but, rather, as Fitness Functions. In this case, 0.8
the Fitness Functions are designed to be minimised. So, for '
example, if the desired goal for a room is an EDT of 2.25

1.0

(2] i 1
seconds and one of the designs actually returns a value of § 06 : ,,,,,,,,,,,
2.25 seconds, it would get a perfect score. Its Reverberance = |
Fitness would be 0.0. Likewise, if the EDT was either >
higher or lower than the design goal of 2.25 seconds, it & 041N e
would get a Reverberance Fitness closer to 1.0. o

0.2 i N

In Figure 1 the Objective Space is the full range of the
graph, from (0, 0) to (1, 1). The shaded area is what is
known as the Feasible Objective Space for this particular 0.%
collection of concert hall designs. The Fitness Functions in
this demonstration have been designed such that their
“best” values are the ones closest to the origin. Any Fitness Figure 1 _ Objective space with a shaded zone indicating the
Function points on the thick black curve are said to be non- extent of the Fitness Functz:on calculqtion data points. The
dominated. Which is to say that none of the other points in Pareto Front shown as a thick black line.

the set shown in shaded area are dominate over these points
in both dimensions. The points on the thick black line form what is known as the Pareto Optimal Front or, more conven-
iently, just the Pareto Front.

0 02 04 06 08 10
Reverberance Fitness

2.2 Weighted-sums Optimisation

One of the earliest modern methods of Multi-objective Optimisation is the system of weighted sums, also known as Linear
Aggregates or the Linear Combination of Weights. The major limitation of the Linear Combination of Weights method
is that it cannot find the optimum values on what is known as a non-convex Pareto Front. This is a serious weakness
when one is trying to perform a Multi-objective Optimisation. A non-convex Pareto Front is demonstrated in Figure 2.
The front in this image has a non-convex region between points A and D with a nadir near the coordinates (0.22, 0.38).

The iterative process of finding a 2-Dimensional minimum
using the Linear Combination of Weights method is equiv-
alent to moving a line of slope — w, /w, downwards across : : ‘ :
the Objective Space, as shown in Figure 2. The line starts 08 N
out from the upper right and moves downwards diagonally | | ‘ |
until no feasible fitness point is below it and at least one fit-
ness point is on it. In this example, the search is successful
when points A and D are found. However, Points B and C,
the points inside the non-convex part of the Pareto Front,
cannot be found in this manner. As the —w; /w, line moves
past points B and C, there will always be feasible points be-
low both of them and therefore they are not detected as part
of the Pareto Front.

1.0

06— SR S w——

First
lteration

0.4

Clarity Fitness

02} X

N
Last
Itera}tion

2.3 Pareto Optimisation 09 3 ‘ ; 3
.0 0.2 0.4 0.6 0.8 1.0
Reverberance Fitness
Figure 2 Iterative search _for minima using the weighted sums
method. A line of slope -wl/w2 is iteratively moved down-
wards. It can find the minima at points A and D but not and
Band C.

Pareto Optimisation addresses this problem. The core of Pa-
reto Optimisation is the concept of dominance. In a two-
objective optimisation problem, dominance is essentially a
pair-wise comparison of the points in the Objective Space.
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The concept will be explained graphically, using the Rever-
berance/Clarity optimisation problem, remembering that
the goal is to minimise the two Fitness Functions. A set of 1.0
three points will be considered, Points A, B and C, as shown
in Figure 3.

Consider first Points A and B and ask which one is better.
Point A is better than Point B insofar are Reverberance Fit-
ness is concerned. That is to say, it is closer to the origin
on the horizontal axis. But Point B is better than Point A
for Clarity Fitness. It’s closer to the origin on the vertical
axis. It turns out that neither one of the points is better than
the other when both objectives are considered. Or, put an-
other way, neither one of the points dominates the other.

Clarity Fitness

Consider now Points B and C. Point C is closer to the origin 0.0 3 3 3 3

than Point B on both axes. Point C has better Clarity Fitness 0.0 0.2 0.4 0'6_ 0.8 1.0
and better Reverberance Fitness, when compared to Point Reverberance Fitness

B. As aresult, Point C is said to be dominate over Point | Figure 3 Demonstration of dominance. Point C dominates
B. In the set that has been circled, neither Points A or B | Point A and B. The grey points on the thick black curve dom-
dominate over Point C so, for this small set, Point C is said | inate the entire set and are called Pareto Optimal.

to be the non-dominated point.

If this procedure is expanded to the entire set of points shown in Figure 3, the non-dominated front will be found. If,
indeed, these are the best points that are physically possible given the restraints, it is referred to as the Pareto Optimal
Front. The Pareto Optimal Points for the complete set shown in Figure 3 are indicated by shaded grey dots on the thick
black line.

A Pareto Front may be thought of as the barrier between the feasible and the infeasible. On one side are the data points
representing all the possible solutions to the multi-objective question that has been posed. On the other side are solutions
that cannot be built within the limitations of the question. In reflector design, the “limitation” is the geometric space
available inside the room. Along the curve of the Pareto Front are the points that represent the best possible compromise
between the competing objectives, sometimes referred to as the trade-off solutions.

3 Zone to Zone Reflector Optimisation

The author has recently developed a routine to optimise an acoustical reflector based not on a traditional point to point or
point to zone design paradigm but, rather, a zone to zone optimisation. The method is explained in ref. [5] and briefly
summarised here. The routine is based on the assumption that a listener located in a receiver zone wants to “see” as much
of the source zone as possible looking at the acoustical reflector as if it were an optical mirror. Reflections are cast from
areceiver point towards a given reflector geometry, hoping that it will generate an intersection with the source zone. This
is done for several receiver points in the receiver zone. Then the reflector geometry is perturbed and the procedure is
repeated several times. A Genetic Algorithm (GA) is used to develop an optimised geometry for the reflector. In this
case the GA employed was the Non-dominated Sorting Genetic Algorithm (NSGA-III) [6]. The code was developed by
the author based on the C# version published by Chan [7].

Optimisations in the GA runs that will be presented here were governed by four different Fitness Functions:

(1) Area Fitness. Quantifies how much of the source zone a receiver can see looking at the reflector as it if it were a
mirror. The objective being to increase the listener’s view of the source zone as much as possible. Please see
ref.[5].

(i1) Spreading Fitness. Quantifies the distribution of the landing points in the source zone for reflections cast from a
point in the receiver zone towards the reflector and from there towards the source zone. The objective being to
create a uniform view of the source zone from the listener’s position in the receiver zone. This too is described
further in ref. [5].
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(iii) Single Reflection Lateral Fraction Fitness. By neces-
sity, all the optimisations presented here are based on 1%
and 2™ order reflections. Protheroe and Day have found
areasonable correlation between a single reflection Lat-
eral Fraction (sLF) in free field [8] and a standard ISO
3383 Lateral Fraction [9]. The sLF Fitness Function has
been developed accordingly. The objective being to in-
crease the Lateral Fraction in the receiver zone. Please
see ref. [10].

(iv) Single Reflection Lochner Burger Fitness. A new fit-
ness function to encourage good speech intelligibility is
introduced here and will be described below.

In 1961, Lochner and Burger presented a family of curves
describing how reflected energy is integrated with the direct
sound to improve speech intelligibility [11]. They devel-
oped what some considered to be a more refined version of
Theile’s 50 ms Distinctness function (D50) [2]; the so-called
Lochner Burger Ratio (LBR). Where the D50 ratio inte-
grates energy according to a step function — on either side of
50 ms a reflection is either good or bad with nothing in be-
tween — the LBR integrates the reflected energy gradually
with curves based on the actual measured psycho-acoustic
behaviour. Analog measurement technology at the time,
however, could not easily mimic Lochner and Burger’s inte-
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Figure 4 Fraction of reflected energy (@) integrated with di-
rect energy for various reflection levels (L), as developed by
Lochner and Burger [11].

gration curves so the LBR quantifier never gained the popu-

larity of the much simpler D50 ratio. The family of curves that they developed, shown in Figure 4, are still useful however.
They have been employed here to develop what will be called the single reflection Lochner Burger Fitness Function,
referred to more simply as the sLB Fitness. Its calculation is performed as follows.

Although the reflector is optimised using reflections cast from the seats in the receiver zone towards and looking for the
source zone, it is assessed in the normal fashion, i.e. sound generated in the source zone, directed towards the receiver
zone. For each reflection cast from a source point that intersects a receiver surface, its Level (L) with respect to the direct
sound is calculated. It is then weighted by the Lochner Burger curves, shown in Figure 4. These curves have been fitted
to a family of 5™ order polynomial regressions, as shown in Equation (1) and Table 1. So, for example, if a reflection
cast from a point in the source zone successfully intersects a receiver surface, and its Level (L) with respect to the direct
sound is -1 dB, the coefficients in the middle column of Table 1 would be inserted into Equation (1) to determine its

integration weighting (@).

«=at’+bt*+ct>+dt?+et+f

(1)

where: a,b,c,d, e &f are the coefficients shown in Table 1
t is the time delay of the reflection with respect to the direct sound (in seconds)
Table 1
Coefficients for Equation (1)
Reflection Level (L)) with respect to direct sound (dB)

L<-35|-35<L<-1.25|-1.25<L<1.25|1.25<L<3.75|L>3.75
a 80128 -808494 -2584722 -1579327 -1545009
b 2316 210588 610630 425790 449919
c -2640 -17370 -46415 -37307 -43735
d| 29041 465.81 1068.68 1034.06 1461.51
e -18.98 -10.64 -6.53 -8.25 -14.52
f 1.0007 1.0000 0.9989 1.0000 1.0100
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This is then used to calculate the weighted relative energy for that particular reflection, which will be referred to as the
Lochner Burger “Weighted Energy” (W):

. rDZ
Weighted Energy = « (m) 2
where: a is the integration weighting from Eqn. (1)

1, is the direct path length
r;  is the incident path length
1. is the reflected path length

This process is repeated for each successful reflection cast from a given source zone point to the receiver zone, then the
entire procedure is repeated for every other source point in the source zone. (In the examples to be shown below, there
were 12 point sources representing the source zone in the Stratford model, 16 in the P.C. Ho model.). The entire procedure
is summarised in Equation (3).

Nsources Nreflections
1 1
SLB Fitness =1 — Z Z W, ; 3)
Nsources n Nreflections - "
=0 Jj=0
where: Ngources 1S the number of point sources in the source zone

Nyefiections 1 the number of reflections that have been cast from the it" source and have
successfully intersected the receiver surface(s) in the receiver zone.

W-.

ij 1s the Lochner Burger Weighted Energy as calculated in Eqn. (2)

Finally, it should be noted that, unlike the sLF parameter developed by Protheroe and Day, there have been no laboratory
measurements performed to qualify the single reflection Lochner Burger Weighted Energy (W) parameter. It is merely
proposed here as a heuristic to guide the GA towards better levels of speech intelligibility.

4  Applications

4.1 Stratford Festival Theatre Experiment

The thrust stage format, which can be quite exciting theatrically, is acoustically problematic. The audience is laid out in
a broad fan shape around the stage and there are typically little or no significant wall surfaces available for early reflecting
surfaces. The progenitor of the thrust stage format is Canada’s Stratford Festival Theatre. A recent study by O’Keefe et
al. [12] tried to implement a Genetic Algorithm optimisation of the room’s ceiling and back walls using large arrays of
tilted, flat triangles. The intention of the experiment was to see if the computer could improve on the manually generated
optimisation that the author had produced in a 2008 feasi-
bility study. The results of the computer optimisation were
mixed, at best. The experiment has been revisited, this time
using curved Nurb surfaces for the reflectors on the ceiling
and back walls instead of the flat triangles. The optimisa-
tion also takes advantage of the new Zone to Zone optimi-
sation procedure, the (many-objective) NSGA-III algorithm
and the newly proposed Lochner Burger (sLB) Fitness
Function. Results of the optimisation at the time of writing

are preliminary. Although the ceiling and back walls were ’ o ] 2 g 3 4 5
optimised for multiple source locations, only one source lo-

cation has been quantified at this time — a position at down-
stage centre. It shows improvements in both 50 ms Dis-
tinctness and Centre Times [9]. The former is shown in
Figure 5. It shows improvements on the stalls level, where
it is required, but not on the balcony, where it is not.

100

* A"‘w
60 *
I s e

20 Stalls Balcony

50 ms Distinctness (%)

—=&— Pachyderm Calibration =~ ==O=—Optimised =~ = = =Criterion

Figure 5 Calculated D50 values. Solid circles indicate the
calibration of the Pachyderm model to measurements in the
existing room. Open circles indicate the optimised values.
Dashed line indicates minimum acceptable values for D50.
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4.2 Balcony Soffit Experiment

Side wall balconies in a concert hall are thought to be ben-

Stall Bal
eficial in that they can provide laterally reflected sound to e e
the audience that is not influenced by the low frequency at- Stage - INaNe
tenuation of grazing incidence “seat dip” effects [14,15]. Cl @ G @ G G C G
Recently, a two dimensional Boundary Element Model . 7 ; T
(BEM) study, carried out by Green et al. [16], found that @/ 6 6 6] @ @ 6 U
low frequency reflections are significantly weaker inside 4 ; -
the zone suggested by a specular reflection study. The spa- @ y y y 6’ @ @’ @

tial distribution of the lower frequency reflections, however,
was much broader than suggested by the specular reflection
calculations. Green et al. suggest that multiple bass reflect-
ing surfaces might help to overcome the grazing incidence
effects of seat dip. Anundulating, Nurb based balcony sof-

fit might be capable of providing the kind of multiple re- @ G G @ 6/ @ @ @

flections that are required. With this in mind, a new version :
of the Zone to Zone optimiser was developed. One that is 6; 6 G 67 @ @ 6 ] @
capable of calculating 2" order reflections, i.e. off the side g / J y 9\

2;23 Ctgen the balcony soffit and eventually towards the au- @ @/ @ @ @ @7 6 @

An experiment was performed on a model of the 626 seat
P.C. Ho Auditorium in Toronto, Canada. A room designed
by the author in 2004 that does not currently have side wall

balconies but has had one introduced into the experimental ‘

model. The 2™ Order Zone to Zone optimiser was used to @ G G @ @ G G/] @]
study potential geometries for a new balcony soffit. Some S ) ) o

of the results are shown in Figure 6 — which requires some O C Q @ @ @ Q @

explanation. The goal of the optimisation is for the listeners S
in all 24 of the chosen seats to “see” as much of the stage as @ ? ' C @ (g G @
possible through a 2™ order reflection off the soffit reflec-
tor. The open half circle at the left of each image is the stage
source zone that the listeners are looking for. (Shaped in a
traditional orchestral layout.) A scaled down version of the
half circle source zone is superimposed on each of the 24 seating locations. The shaded areas inside of each of these is
the zone of the stage that the listener in the given location can “see” through the reflector. The room is symmetrical about
its centre-line so the images show only half of the house. Note also that although the end balcony overhangs a small part
of the stalls in the actual room, the image has separated them for visual clarity.

Figure 6 Views of the stage through the soffit reflector. Flat
soffit reflector at top, cylindrical reflector in the middle, opti-
mised reflector at the bottom.

The image at the top of Figure 6 is for a side wall balcony with a flat soffit underneath of it. There is no tilt, it is positioned
at a 90° angle to the side wall. Most of the seats have only partial views of the stage and five of the seats on the balcony
have no view at all. The middle image is for a semi-cylindrical soffit underneath the side wall balcony. The views have
been improved in some seats but four seats in the stalls and 2 on the balcony have essentially no view at all. The optimised
soffit, shown at the bottom of Figure 6, shows almost complete views of the stage in 23 of the 24 seating locations.

All of these calculations were, of course, based on specular reflections. They will, eventually, need to be confirmed
with a BEM model or, perhaps, a scale model.
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Electro acoustic enhancement systems are becoming more and more acceptable in particular for
multipurpose halls. Throughout the last years, several systems have been implemented, both InLine- ,
Feedback- as well as combination-systems.

As part of the PhD studies of the authors, several halls with electro acoustic enhancement systems will be
measured, using a scaled down version of the Virtual Orchestra, described by Pétynen et all. The halls
measured will represents all 3 types of systems and are all found in norther/eastern Europe.

The object of the measurements is to get data for listening tests, however the measurement data has also
been analyzed to examine the traditional room acoustic parameters.

In the paper we will present the preliminary measurement results for the halls measured and present an
outline for the further work.

1 Introduction

So far 4 halls have been measured. The halls measured are:
- 500-seat multipurpose hall

- 500-seat opera hall

- 1800 seat multipurpose hall

- 1000 seat multipurpose hall

It is the intention to measure at least on hall for each of the currently available systems (within some geographical
limitations). Furthermore, at least 2 halls are known to have proprietary system, essentially a modified MCR system based
on a standard sound system processor.

2  Measurement setup

The measurements are done with the reduced Virtual orchestra, described in [1].

A swept-sine method is used and recorded in the hall using an A-format microphone and an omnidirectional microphone
on top of it. The recorded spatial impulse responses are analyzed with Spatial Decomposition Method (SDM) [5] and
visualized using mainly the spatiotemporal and time-frequency visualizations [4]. Traditional, acoustic parameters are
calculated from the omni response.
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As some of the acoustic enhancement systems are time-variant, it is clear that the measured impulse response is a “time-
slice” and as the measurements are done with 8 separate sweeps, the impulse response will change between the different
sweeps. However, this is same as the situation for the audience in the hall and therefore the method is considered to be
appropriate. From purely technical perspective, an average of several repeated measurements could counteract the time-
variant character of the electro-acoustic system, but with the expense of other time-variant natural properties.

In all halls, the receiver positions are chosen in accordance with ISO3382-1, and all audience areas of the hall is sampled.

3 Measurement results

The measured reverberation time for the halls for the different settings are shown in figures 3 -6.

In all cases, the change in both reverberation and clarity, are by far larger than what would be achievable with traditional
variable acoustic means.

When looking at the different settings in the halls, it seems that the setups reflect a certain preference, not necessarily
what would be expected from an acoustic design point of view. For instance, the Opera setting in the opera hall, has a
significantly longer reverberation and lower clarity than the Concert setting. Also in this hall, the differences between the
different setting are not as large as in the multipurpose halls.

In both multipurpose halls, all settings produced a quite significant bass boost, however, as can be seen figure 6, the
change in clarity is not as pronounced.

One issue could be that in all the halls, the natural reverberation time at bass frequencies is higher than at mid frequencies.

The rise of the reverberation time at low frequencies (125 Hz and 250 Hz) without enhancement in the opera, and 500
seat and 1800 seat multipurpose halls, could be regarded as somewhat illogic design decision if the hall was designed for
an electro acoustic enhancement system, however all the halls in this investigation are renovated which might explain the
natural acoustics.
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When comparing the variability in the to 500 seat halls measured for the investigation the variability of Finnish
multipurpose halls presented in [8], some clear differences can be noticed. First of all, the overall dynamics are much
larger with electronic enhancement systems. But what is perhaps more interesting is that is possible to achieve very large
variability at bass frequencies with electronic enhancement systems and that, to some extent, the different acoustic
characteristics can be independently adjusted for the different settings. With variable acoustic surfaces, this only possible
to a limited extent, with variability to control some distinct areas of reflections.

As Cees Mulder states in [9], every mic-amp-loudspeaker channel, can produce a 2% percent naturally sounding increase
in the reverberation time. It would seem that this may be part of the reason for the large difference of the performance of
the systems in the halls, the amount of change implemented corresponds to the since of the size of the system, or at least
the number of channels in the feedback part of the system.
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Figure 10:  Variability of reverberation time in multipurpose halls with variable acoustic surfaces

4 DISCUSSION AND FUTURE WORK

As stated earlier, the project is stilling on going and it is intended to measure more halls. The main limitation of the data
presented in this paper is that the data is only from 3 halls, representing 2 of the currently available systems. It is clear
that currently there are at least 4-5 commercially available systems with similar functionality and furthermore there some
installations with proprietary systems based on standard audio processors. It is the intention to gather a comprehensive
database for all these systems.

The main issue, of course which have not been discussed in this paper, is how do these systems sound or rather do they
sound natural. One argument or question, should they sound natural ? The sound in a cinema hall is far from “natural”
and still enjoyable. It is clear that unnatural sound becomes a problem if in interferes with musicians’ ability to play on
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stage. Playing should like playing in natural acoustics, not playing with sound reinforcement monitors. But again: it is
problem if it doesn’t sound natural if it sounds good?

In the next phase of the work, first of all more halls will be measured and spatial analysis will be performed on the data
to present better metrics for the acoustic performance of the halls.

Finally, a listening test based on both the measurements in halls with electro acoustic enhancement systems as well as
halls with traditional acoustic solutions will be made.

S  CONCLUSIONS

Electro acoustic enhancement system has become a feasible tool to increase the acoustic variability of halls, in particular
multipurpose halls. Judging by the measurement done so far, the actual settings implemented, are more a result of user
preferences, than strict acoustic theory.

However, it is the clear impression of the authors that electro-acoustic enhancement system will be one of the primary
tools for creating multipurpose halls in the future.
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1 INTRODUCTION

The Sibelius Hall, completed in February 2000, has a versatile adjustable acoustics. On both sides of the actual
hall there are full height coupled volume chambers [1] through which the audience enters the hall. Between the hall
and the chambers, on the sides of the hall and in the rear corners of the stage, there are a total of 188 continuously
adjustable acoustic doors, which are one floor in height. In addition, the coupled volumes have a total of 2.7
km of continuously releasing two-layer wool curtains covering the area of the acoustic doors. With the curtain,
the amount of reverberation can be varied when the acoustic doors are open. In addition, the canopy above the
stage is adjustable in three parts.

The Lahti Symphony Orchestra moved to Sibelius Hall in early 2000 and has been playing on the stage ever
since, basically with the acoustic configuration tested and instructed at the first Sibelius Festival in autumn 2000
by Artec Consultants Inc. team lead by Russell Johnson.

Over the past twenty years, the orchestra has expressed hopes at times for exploring and optimizing acoustics for
different ensembles. Deficiencies in stage acoustics, i.e., problems with mutual hearing and hearing within the
orchestra, have been particularly highlighted. Previous attempts at testing and possible improvements of stage
acoustics had usually been hampered by budgetary constraints and, above all, a lack of final activity. Part of the
reason for the latter is the fact that the acoustics in the hall have already been quite favorable as such.

Scattered experiments with adjustments have been made over the past couple of decades, but due to a lack of
expertise and systematization, the attempts have mainly been inconclusive.

In spring 2020, the Lahti Symphony Orchestra decided to take advantage of the expertise of Akukon Ltd and have
the tests executed. The auditorium measurements were carried out in early 2021, and when in autumn 2021 the
pandemic was easing and the orchestra was back on stage in full numbers, the actual tests could be scheduled in
the normal setting.

Compared to the earlier published procedures of adjusting and improving stage acoustics for aresident
orchestra [2], this study had the advantage of utilizing original and versatile means for acoustic regulation,
enabling precise systematization. This paper describes the investigations by objective measurements and
subjective assessments by orchestra members for exploring and evaluating the improved acoustic settings
for symphony orchestra.

2 MEASUREMENTS IN THE SIBELIUS HALL

To better understand the overall conditions and the variability of hall acoustics, we conducted an objective
investigation by spatial impulse response measurements and spatiotemporal analyses. In addition, supplementary
data was collected with a binaural head (B&K KEMAR). Measurements were repeated with a wide set of hall
setups across parameters of the variable acoustics. The explored settings included several combinations of
door panel openings to the coupled volume chambers, chamber curtains, and canopy heights.
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2.1 Measurement positions and analysis

Measurement positions for sources and receivers used in the hall measurements are shown in Fig. 1. Room impulse
responses were primarily measured spatially with a tetrahedral open microphone array (CoreSound Tetra) with
logarithmic swept sinusoidal excitation signals from each source channel individually.

Measured spatial impulse responses were analyzed using the Spatial Decomposition Method [3] and with the

spatiotemporal visualization approach [4].
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Figure 1: Measurement source (1...8) and receiver positions (R1...R8) in the hall. First balcony geometry with
balcony receiver position R4 are shaded in red. Sources on stage are indicated with respective symbols for Genelec
8020 and 1029, and dB Technologies DVX speaker types.

2.2 Spatial measurement analysis and result application

The measurements were analyzed in two manners. First, the spatiotemporal analyses were evaluated separately for
assessing the overall reflection patterns in different receiver positions. Then, analyses from various acoustic
configurations were compared to the results from the initial acoustic setting for assessing the effect to reflected
energy and directions. An example of the comparative principle is shown in Fig. 2, where the receiver position
at the conductor podium is compared between settings with chamber doors open around the stage and in the hall
and chamber curtains deployed, and initial setting with all doors closed. The red curve shows the cumulative energy
up to 1 s with doors opened, and the green curve shows the respective result with all doors closed. The
reverberant energy is higher in most directions with the doors closed, which is expected with more solid reflective
surfaces towards the hall.

The corresponding approach was employed for several various comparisons between the measured range of

acoustic settings. The observations from the results were subsequently applied to planning of suggested
improvements to the new base setting for orchestral use.
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Figure 2: Example of overlaid spatiotemporal visual analysis between two hall settings. Grey and red: stage and
coupled volume chamber doors open and curtains deployed; Green: 0-1000 ms window from all doors closed
setting (directly comparable to red curve).

3 ORCHESTRA TESTS
3.1 Test routine

Subjective tests were conducted with the full orchestra for gathering perceptual evidence to reflect objectively
measured and compared data. The procedure of the orchestra tests was based on music excerpts of 5—7-minute in
total that were chosen from the concert programme of the week. This music was first played at the orchestra’s then
standard acoustic setting (A). After that, the orchestra left the stage to avoid direct visual cues on the changes
being made. The acoustic adjustment proposal (B) was then set up. The orchestra then returned to the stage and
played the musical excerpt with the new setting. The orchestra left the stage once again while the original setting
(A) was restored, after which the orchestra played the musical example one more time. After the procedure, the
orchestra members filled out a questionnaire form and gave oral feedback.

Four separate tests were organized, and the music excerpts were from the following works: Cello concerto by
Antonin Dvortak; Stabat mater by A. Dvotak; Sinfonia Brevis by Helvi Leiviskd; and Suite from opera “Les Indes
Galantes” by Jean-Philippe Rameau (in the chamber orchestra test).

3.2 Auditorium control

During each orchestral test, Akukon team, Chief conductor Dalia Stasevska and General manager Teemu
Kirjonen formed a control group distributed to the auditorium to monitor the changes of the sound to the audience
area. The test excerpts were conducted by an assisting conductor. Author PL acted as a “double agent” working
both in Akukon team and playing in the orchestra double bass section.
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3.3 Questionnaire and subjective evaluation

The acoustic impressions experienced by the orchestra on stage were investigated with subjective evaluation
from musicians. After orchestra tests with modified acoustics, responses from the musicians were collected
with a questionnaire which included the following five main questions:

1. Where is your seat on the stage?

2. Inyour experience, how did the timbre to your seat change with the new setting? (“Change
in timbre”)

3. How did you consider the acoustic feedback in the hall (spatial impression from the hall to
the stage) with the new setting? (“Change in acoustic feedback™)

4. Was it easier to hear certain instruments or groups of instruments with the new setting than
with the original setting? (“Change in orchestra balance”)

5. Your overall impression of the acoustic conditions in the hall with the new setting (“Overall
change”)

Each question was answered using a 7-point Likert-scale. The structure of the questionnaire was based on
the studies by Barron and Dammerud [5].

4 PROPOSED ACOUSTIC MODIFICATIONS AND EVALUATION

The propositions for the orchestra tests’ acoustic modifications were drafted according to the findings from the
measurements as well as the conductors’ and the orchestra members’ remarks.

Prior to the testing sessions the Akukon team had several discussions with the chief conductors Dima Slobodeniouk
(former), Dalia Stasevska (present) and the orchestra members to collect the comments about the stage
acoustics.

The conductors appeared moderately confused about the difference of the orchestra sound to the conductor’s
podium and to the auditorium. This contrast can be attributed to the difference between relatively absorbing
curved rear wall of the stage and typically reflecting surfaces in the auditorium. Furthermore, the conductor’s
position receives slightly focusing reflections locally, creating acharacteristic acoustic impression.

For the musicians, the acoustic feedback on stage appeared not accurate enough and the sound rather boomy
in fortissimo. The measurement results showed rather continuous increase in the reflected energy on stage
from the upper hemisphere in the approximate time-interval of 30...50 ms from the canopy region as well as from
surrounding upper surfaces. Based the perceived boominess and lack of accuracy in the acoustic response, the
possibility of excessive reflections was considered. Therefore, Akukon team aimed for particularizing the
diffusion of acoustic response on stage and letting the excess sound mass out, which can be described as a
concept of “ventilating the stage”. However, the already good general acoustic quality and the overall gain to the
audience was seen important to retain.

4.1 Symphony Orchestra Test I

The acoustic doors in the rear corners of the platform were 100% open on the 2+ — 4+ floor (4* floor above the
canopy and service loft) and the curtains were completely deployed. In the auditorium, all doors were closed.
The canopy was at Artec original height; front 13.7 m, middle 14.2 m, and rear 14.7 m.

4.1.1 Evaluation

This acoustic setting was received remarkably positively by woodwinds and string players sitting in
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the middle of the orchestra. It was easier to hear and control one’s own playing. In the large violin groups,
satisfaction decreased towards the end of the sections. The brass players and timpani sitting on the third riser at
the rear of the stage did not notice much difference. The original slight sense of acoustic separation from the rest
of the orchestra remained. The overall distribution of responses to each question is shown in Fig. 3.

The impressions of the auditorium control group were slightly differing by the seat. To some places, the new
setting slightly zoomed out the overall sound, for others it zoomed in. However, the negative effects were minimal.

Orchestra test |, October 14, 2021
Overall change I
Change in balance I
Change in acoustic feedback

Change in timbre

0% 0% 20% 30% 40% 50% ©60% 70% 80% 90% 100%

®-3 Much worse =-2 = -1 ONochange 1 =2 m3 Much better

Figure 3: Results from subjective evaluation by musicians who observed difference between compared
original and modified acoustic configurations (total N=66, 12 responses with no perceived difference omitted).

4.2 Symphony Orchestra Test II

Given the largely positive feedback in the previous test setup, especially in terms of ensemble control, Akukon team
decided to use it as the new initial start setting (A) for subsequent tests. It was necessary to follow the direction for
acoustic tuning the first test clearly indicated.

In the further adjusted setting (B), the doors at the rear corners of the platform were open 100% on the 2x— 4«
floors and on the sides of the auditorium on the 4+ floor. The curtains were fully deployed. The plan to lower the
canopy was thwarted by technical failure, so the test was partly incomplete. The orchestra was naturally not
informed about this shortcoming.

4.2.1 Evaluation

The starting point for the test was poor as new canopy adjustments were impossible. The feedback from the
orchestra was also clearly scarcer in numbers and, in practice, also worse than received from the first test. The
overall results are shown in Fig. 4.

The auditorium panel also considered this stub option to be worse than the first.
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Orchestra test |l, December 7, 2021

Change in balance

Overall change - -
i
O

Change in acoustic feedback

Change in timbre -
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Figure 4: Results from subjective evaluation by musicians who observed difference between compared
original and modified acoustic configurations (total N=64, 21 responses with no perceived difference omitted).

4.3 Symphony Orchestra Test I11

The acoustic doors in the rear corners of the stage on the 2+ and 3« floors were partially open allowing the
sound transmission to the coupled volume chamber as well as reflecting sound towards the audience and the stage
with increased diffusion. The aperture of the doors was adjusted following a geometrical projection from the
centre of the stage to induce a uniform distribution of the sound reflections across the audience. The curtains
were fully deployed and the canopy in Artec original setting.

Figure 5: Door positions during test 3.
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4.3.1 Evaluation

The test results now highlighted remarkable evenness of acoustic feedback in the orchestra's seating area. The
players liked the ease of controlling the playing and the pleasantness of the general sound. For the first time timpani
and brass on the third riser also experienced a clear improvement in their playing touch and mutual hearing. Their
feeling of acoustic unity with the rest of the orchestra also improved markedly. Overall results are shown in Fig
6. It should be reminded that this comparison shows the evaluation between the originally suggested improved
condition and the further optimized setting.

The panel seated in the auditorium considered this option to be the absolute best, and especially the most
balanced and unanimously assessed configuration at the audience area.

Orchestra test lll, April 11, 2022
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Change in balance .
Change in acoustic feedback .

Change in timbre
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m-3 Muchworse ®m-2 -1 ONochange 1 =2 m3 Much better

Figure 6: Results from subjective evaluation by musicians who observed difference between the originally
improved and the further modified acoustic configurations (total N=53, 23 responses with no perceived difference
omitted).

4.4 Chamber Orchestra Test

One test with the same procedure was conducted with a chamber orchestra ensemble of 28 musicians.
The doors in the back corners of the stage were open 100% on the floors 2« — 4» and on the 4* floor also in the
auditorium. The curtains were fully deployed. The canopy assembly was set 0.5 m lower from Artec original
height.

4.4.1 Evaluation
The results of the test were positive, but not very conclusive. Opinions were divided. Lowering the canopy was

not a good solution for this relatively large chamber ensemble. It caused a vertical compressing effect, a
“widescreen” sound picture. The overall results are shown in Fig. 7.
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Chamber orchestra test, March 9, 2022
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Figure 7: Results from subjective evaluation by musicians in the chamber orchestra ensemble who observed
difference between the originally improved and the further modified acoustic configurations (total N=26, 12
responses with no perceived difference omitted).

S  CONCLUSIONS

Already after the first orchestra test, the acoustic adjustment possibilities enabled by the hall appeared adequate
for reaching the desirable enhancement of stage acoustics.

The musicians' preferences of the proposed settings seemed to be, naturally not unanimous, but rather clear
from the beginning. However, only the third setup proposition, being already more detailed fine tune, was able to
make an obvious improvement to most of the players. In the first test, approximately 65% of the
respondents who observed some overall change in the acoustic quality from the initial hall condition found the
first proposed setting at least slightly favourable. Subsequently, the third orchestra test with further developed
setting resulted in an additional approximately 60% at least slightly favourable opinions. In both these
development stages the proportion of at least slightly displeased responses was substantially lower than those for
the opinion of improved stage acoustics.

Based on the author’s personal experiences, the acoustic conditions at the rear percussion and brass instrument
risers are typically felt challenging. However, the responses received from this area also indicated a positive
development during the process. Other select comments from the musicians reported improvement in the
touch and responsiveness of their own instrument, as well as in the mutual hearing for most sections. In
summary, the subjective evaluation on acoustics both on the stage and in the auditorium suggests that the
adjustments accomplished by the existing tools for variable acoustics provided a clear improvement for the
overall acoustic quality.

An interesting concluding work would be to repeat the spatial impulse response measurements, now comparing
the initial setting and the specific final preferred configuration. For more comprehensive results, a larger number
of sources and receiver positions could be beneficial for more detailed analysis. However, this phase is left
for future work.
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APPENDIX: FINAL SUGGESTIONS FOR ACOUSTIC SETUPS
Proposed setup for symphony orchestra

Akukon team proposed the setting of the 3« test as such for the Lahti Symphony Orchestra:
Acoustic doors in the rear corners of the stage on the 2« and 3+ floors open according to the presented
irregular, but symmetrical scheme. Curtains fully deployed and canopy in the original Artec setting.

Proposed setup for chamber orchestra

Acoustic doors in the back corners of the stage on floors 2« — 4+, and on the 4= floor of the hall open 100%.
Curtains fully deployed. However, the canopy in Artec original setting.

Proposed setup for small chamber ensemble

Due to the Covid-dictated repertoire changes during the concert season, Akukon team was not able to test the
stage acoustics with a small chamber ensemble. However, based on the tests executed and previous experiences
in the hall, for an ensemble max. 7 players the team proposed:

Acoustic doors in the back corners of the stage on the 2« — 4+ floors, as well as on the 4th floor of the hall open

100%. Acoustic curtains fully deployed. The original canopy assembly 1.5 m below basic Artec setting. Therefore,
the audience would use only the parterre.
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Reverberation time is one acoustic parameter used to design “good” acoustics in sports halls. The reason
for this is because the reverberation time is strongly related to speech intelligibility and bass ratio. A
reverberation time over 3 seconds can negatively affect speech intelligibility for players and speakers.

Regardless of the height of the hall, to achieve a good acoustical environment in a sports hall acoustic
materials must be added to multiple surface areas, not only on the ceiling. Usually, absorption is added to
audience areas, chairs and on the walls. However, in an ice hall the reverberation time should be treated
carefully. In a typical ice rink, the floor is a hard surface, with or without ice. The rink is surrounded by
hard boards/glass to protect the spectators from line-drive puck. This means that it is not possible to add
absorptions materials inside the rink. To make matters worse, rinks commonly have parallel walls, leading
to large numbers of resonant modes and flutter echoes.

This paper shows that reverberation time is affected due to cold ice, when the rink has ice. We show that
certain temperature and ice conditions can strongly reinforce certain frequencies, leading to extremely high
reverberation time. It is found that sound waves bend down and circulates in the rink, resulting in a tripling
of reverberation time from expected calculated values. It is also reviewed the use of computer programs,
which are used to predict room acoustic parameters in planning before construction. Acousticians must
have alternative methods to predict these types of acoustical phenomena. There is also discussed some
methods to avoid “surprises” when these types of sports halls are built. It is proposed models to predict the
effect of temperature and humidity for computing of reverberation time.

1 Introduction

For safety reasons, it is necessary to set up an appropriate shield to avoid injury to spectators. In addition, it is important
to ensure that player/ spectators can see into the ice rink. According to the ASTM Standard “Guide for Skating and Ice
Hockey Playing Facilities” F1703-04, the spectator protection must be a resistant tempered “impact” glass or acrylic
extending a minimum of 182 cm above the dasher boards at rink ends, and a minimum of 127 ¢cm about the dasher boards
along rink sides, except the bench areas, where the shield is placed alongside and behind the benches. In bench areas the
tempered “impact” glass or acrylic extending 122 cm to 182 cm above dasher board [1]. Another obvious consideration
is that the shield must be built without air leakage because this has an economic impact in cooling demand.

Due to, the shield that surrounds the rink are hard materials, and they are parallel walls alongside, the reverberation time
is increased significantly, and consequently the speech intelligibility is reduced. This environment can affect players
performance and communication with the coaches[2, 3]. Some investigators have reported bad acoustic in ice halls.
Flutter echoes and consequently high reverberation time can occur because inside the rink the sound is reflected many
times before the sound go out the ice rink and gets absorbed for acoustic materials placed on the publicum and the ceiling
[4].

Some previous works pointed out that it is necessary to include another acoustic parameter in ice halls due to bad acoustic
inside the ice rink. Nevertheless, acoustic analysis with thermo-hygrometric conditions is infrequently done for those
halls. Only a few standards take into consideration thermo-hygrometric conditions in acoustic analysis. For example, the
standard ISO 9613-1 [5] considers the effect of air absorption in the propagation of sound waves. Even though, standard
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is aimed on the sound propagations through the atmosphere outdoors, the standard gives analytical methods for calculation
of sound propagation with direct correlation with temperature, relative humidity, and static pressure. Another example is
the standard ISO 354 [6]. This standard refers to the impact of temperature and relative humidity in an enclosed space.
The standard provides acoustic methods to predict sound absorption in temperature range of 15 °C to 30 °C, and humidity
from 30% to 90%.

The present study attempts to determinate the impact of air temperature and relative humidity on the reverberation time.
It was measured, the reverberation time of four ice hockey halls. The results shows that the reverberation time is clearly
affected in frequency range 250 Hz to 500 Hz, when there is ice in the rink reaching a reverberation of until 7-8 seconds.
Without ice, i.e., with concrete on the floor, the reverberation time is reduced with a factor between 2-3. It was measured
temperature at several heights. The results with ration of temperature confirm that sound waves have a tends to downward
refraction. As result of this research, it is suspect that there is temperature inversion inside the ice rink.

2 Theory

Some researchers have reported changes in reverberation time as consequence of thermos-hygrometric changes. For
temperature, it is possible to develop a mathematical model for sound waves propagation in the air. Due to the air does
not support shear or bending, it can be assumed at the sound waves follow longitudinal propagation. Thus, under adiabatic
condition the velocity of the sound (c) in the air can be calculated from the equation [7]:

T
¢ = 3314 |1+ —[m/] (1)

Where “T” is the temperature in Celsius degree.

Modifying the Sabine equation for reverberation time (Teo) as function of air temperatures changes, results the following
equation:

\4

Teo =55.3 c(A+4mV)

[s] (2)

Where the term “A+4mV” represents the total absorption of the room, the term “4mV” indicates the attenuation of the
sound by the air, where “m” is the power attenuation coefficient, in reciprocal meters, calculated according to
ISO 9613-1, and “V” is the volume of the room.

For air humidity, it was difficult to find a mathematical model. However, to determinate the sound absorption with
changes in air humidity the equation (2) can be used. Hence, some investigators have reported tables / curves for air sound
attenuation as function of air humidity. Nowo$wiat [8] concluded that reverberation time is strongly affected by changes
in temperature and air humidity, and it is different for each frequency band. For low frequencies, the reverberation time
tends to decrease as function of temperature, and for high frequencies trends to increase. Nowo$wiat found also that the
reverberation time changes with relative changes of air humidity as function of the temperature for the same frequency
band. It was found a particular peak value of reverberation time at 250 Hz and 500 Hz when air humidity is between 20%
- 40 % and temperature is relatively low (~ 5 -15 °C).

3 Case studies

The reverberation time (RT) was measured in four ice hockey halls, three of them in Norway and the other one in
Sweden. Those cases are named here: case study 1, case study 2, case study 3 and case study 4. The results show that
the reverberation time was strong affected by thermos-hygrometric conditions. The reverberation time when there was
ice inside the rink was characterized by high values at the central frequencies. It was measured between 6 -10 seconds at
250 Hz — 500 Hz. It was observed that a little difference of 2 °C could increase the reverberation time in 4 seconds. On
the other hand, without ice in the rink, the reverberation time was measured below 3 seconds with a “flat” responds.

The measurements were conducted using the integrated impulse response method according to the ISO 3382-2 [9]

where the impulse source was a start pistol. With the propose of comparison, five microphones were placed in a bar at
different highs, both inside the ice rink and on the tribune, see Figure 1. Hence, the reverberation time was measured at
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the same time at various highs. Measurement positions (MP) in the ice rink were 1.5 m,2 m, 2.5 m,3 m and 5 m
respectively. In addition, five devices to register both temperature and humidity were placed on the bar as well at
0.32 m, 0.64 m, 1.5m, 2.5 m and 5 m respectively.

MP in the MP in the

ice rink tribune
50m 2.8m
3.0m 1.9 m
2.5m 1.6 m
20m 1.3m
1.5m 1.0m

0 m on the

0 m on the ice second row

Figure 1: Measurements positions (MP) at the same time, five microphones in the ice rink and five microphone on the
tribune.

All case studies are “traditional” ice hockey halls, with a curved ceiling. With exception for case study 2, where the
ceiling is flat, but it has an inclination. In all the halls, there were used perforated plates with sound absorption class A
in the ceiling.

Due to advertisements boards, the area on the wall where one can locate sound acoustic plates was limited. Thus, it was
used chairs on the tribune with sound absorption for three of the halls. Table 1 shows a resume of case studies.

Table 1: Summary of case studies

Case study | Nrof Seats | Volume Heigh m Comment

Sound absorption on ceiling (sound class A),

3 -
Case study | 3600 30 000 m 17m and on the chairs - tribune (sound class B).

Sound absorption on ceiling (sound class A), on
the chairs - tribune (sound class B) and 20 % of
the walls covered with acoustic plates sound
class C.

Case study 2 5300 63300 m* | ~19-20m

Sound absorption on ceiling (sound class A) and

3 ~
Case study 3 7600 74000 m 18 m on the chairs - tribune (sound class B).
Case study 4 2450 24 000 m? Y 12m Sound absorption only on the ceiling (sound
class A).
4  Results

4.1 Parallel walls

To study the effect of parallel walls inside the ice rink, it was created a simple 3D model in COMSOL Multiphysics®.
The model was created in reel scale, so the ice rink is 60 m long and 26 m wide, and the shield that surrounds the rink
was modelled with hard materials with a height of 3.0 m. The Ray tracing method was used to compute the reverberation
time. It was used a sound source (power Po = 0.3 W) located at corner of the ice rink, and one receiver 1.5 m over the ice
surface, see Figure 2. Figure 2 also shows the results for two simulations, one with parallel walls alongside the rink and
one with slightly tilted walls. As expected, it is confirmed that parallel walls alongside the rink can significantly increase
the reverberation time. In general, the reverberation time with parallel walls increases more than 100 % at frequencies
250 Hz — 1000 Hz. The reverberation time increases with a factor of 2.2 and clearly shows a peak value at 500 Hz with
parallel walls.
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Figure 2: Results of preliminary studies. Effect of parallel walls.

4.2 Temperature gradient

As it was mentioned before, five thermometers were placed at various heights over the ice surface. Figure 3 shows the
measured temperature in three case studies. It is observed slight differences between each case study. However, the
temperature gradient has the same tendency. In general, the temperature close to ice (0 m) was measured between

2 - 4 °C and the temperature over the ice rink (5 m over the ice surface) was measured between 9-12 °C.

Figure 3 also shows a picture taken with a thermostatic camera. The measured temperature agrees with the results
obtained from the thermostatic camera.

As result from this investigation, it was found an equation that could be used to predict the temperature gradient in
future work:

T = 5x h°5 [°C] 3)

Where “T” is the temperature in Celsius degree and “h” is the height measured from the ice surface.

14 -
12 A
< 10 - e
o S
3 8 ot
g At
S 4 g‘. @ casestudy 1
A case study 2
2 1 @® casestudy 3
0 — —
0 2 4 6
Height, m

Figure 3: Measured temperatures in three case studies.
One particular case is the ice hall number 4. This case study has the lower ceiling from all studied cases (12 m), and the

spectators reported cold temperatures. After a deep study, it was added a thermic isolation layer under the ceiling, see
Figure 4. In this case study was measured another gradient temperature with a variation of 3 °C between measure point
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at 1.5 m and measure point at 5 m. Therefore, this case study is not included in the model to predict variation of
temperature with the high, equation (3).

Thermic isolation layer

Figure 4: Themis isolation layer, case study 4.

4.3 Humidity gradient

For the humidity gradient it was also found an equation that it could be used in futures analyses to predict the
reverberation time in an ice hockey hall, see equation (4). It is observed that humidity in the ice rink is around 50%, and
outside of ice rink about 40%.

Hr = 50 x h=%-05 [%] (4)
60 A
L/
50 - SRR T,
e .
40 1 A 4 2
. L
30 1
an)
20 - ¢ casestudy 1
o A casestudy 2
® case study 3
0 .
0 2 4 °

Height, m

Figure 5: Measured humidity in three case studies.

4.4 Reverberation time

It was measured the reverberation time (Too) at different points distributed both inside the ice rink and tribune. Figure 6
shows approximate location for measure points (MP) and source positions (red start) in case study 1. Measure points MP1
- MP3 were inside the ice rink and MP4 — MP6 on the tribune. For the other ice halls, it was also used a set of 6 measures
points distributed, 3 in the ice rink and 3 on the tribune.

In case study 1 and case study 2, it was also computed the reverberation time with the software ODEON Room acoustic®,
version 14.
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MP3

MP2

MP1

MP6

Figure 6: Measurements positions (MP) and source position, preliminary study.

Figure 7 shows the measured and computed reverberation time for case study 1 and case study 2. The figure shows the
average of 6 measured points. The measurements reveal that the reverberation time is affected in frequency range 250 Hz
to 500 Hz, where the measured reverberation time has extremely “high” values. Same trend is observed in all case studies.

For comparison propose, the results from computation are also plotted in the Figure 7 with split line. Numeral simulation
shows lower values than measured values for reverberation time. In the software Odeon, it is possible to change air
conditions, both temperature and humidity, but this tool is to compute air absorption in large rooms. Unfortunately, it was
not possible to reproduce the measured results in the software Odeon Room acoustic®.

7.0 A eeeessens Case study |
= + = Casestudy2
6’0 T 4‘ ————— Case study 3
w 5.0 - ’,..f.’-{‘_'". = = = Casestudy 4
"g ’f’.f'/ h \ % — s‘,ompulcd case
8 4,0 T /’ \ Y‘.. E%ﬂlpﬂmed case
g ,: \\ '._... study 2
s 30 17 Wl
5 R
= 20 - Sx
1,0 - —_
125 250 500 1000 2000 4000 8000

Frequency, Hz

Figure 7: Measured reverberation time (T20), and computed with Software Odeon

The case study 4 shows lower reverberation time. A qualitative explanation for lower values in the case study 4 could be
understood with the phenomenon “temperature inversion”. In case study 1-3 was measured higher variation of
temperature from 1.5 meter to 5 meter, compare with variation measured in case study 4. The temperature in case study
1-3 was measured to 10 - 12 °C at 5 meters, meanwhile the temperature at 5 meters in case study 4 was measured below
8 °C. Thus, forming an “inversion layer” could be located at some given altitude that allows the acoustic energy spreads
out of the ice rink and thereby it is absorbed, se Figure 8b. Conversely, for case 1-3, the energy may be redirected back
towards the ice rink, increasing the reverberation time, see Figure 8a.
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Figure 8: Measured reverberation time (T2o), and computed with Software Odeon

To understand the phenomenon of high reverberation time, it was measured the reverberation time in the same ice
hockey hall with and without ice in the rink. Figure 9 shows the results. It is confirmed that thermos-hygrometric
conditions affect the reverberation time. With a temperature of 10 °C and humidity around 53 %, the reverberation time
has peak values of reverberation time at 250 Hz and 500 Hz. Similar results were also reported by Nowoswiat [8]. On
the other hand, results without ice the reverberation time follow a “flat” respons. The same trend is computed with
numerical results computed with Odeon Room acoustic®.

eeeeee Measured 10 oC (Ice
in the rink)

e [casured 17 oC
9.0 1 OT ice in the rink)
8,0 - . = = = Computed - Odeon
» 107 Limit
'g 6’0 T ... ...
S 5.0 o *
2401 N
(53,0 1
2’0 4 -—---—-_____~--
1,0 A
0,0 — T —T—— 71—
125 250 500 1000 2000 4000 8000

Frequency, Hz

Figure 9: Measured reverberation time (T»9), and computed with Software Odeon Room acoustic®, comparison with
and without ice in the rink.

Figure 10 shows measured reverberation with five sound level meters placed in a bar at different highs, as it was
presented in section 3. For these measurements, the source (start pistol) was placed in the green circle inside the ice
rink. The humidity below 3 meters (inside the ice rink) was measured by around same values. Therefore, Figure
10Figure 8 shows humidity by around 48 % — 53 %, and 40 %.

In general, all case studies have peak values of reverberation time at 500 Hz. Figure 10 evidence that the reverberation
time is gradually reduced increasing the temperature. As demonstrative, Figure 10a depicts the reverberation time
measured in case study 1. In this case study, the temperature goes from 5.5 °C (1.5m) to 12 °C (5m), and the
reverberation time is reduced from 6.4 seconds to 4.6 seconds at 500 Hz.

As it was expected, the reverberation time in case study 4 was measured lower than another case studies. It was
registered lower values for both temperature and humidity.
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Figure 10: Measured reverberation time (T2o) at different highs.

5 Numerical simulations

It was not possible to get the phenomenon of high reverberation time with the software Odeon Room acoustic®. Thus, it
was created a numerical model in COMSOL Multiphysics ®. A preliminary study was conducted with a 2D axisymmetric
model. The purpose was to compare the distribution of acoustic energy by viewing ray paths in 2D. Using the model for
temperature gradient obtained in equation (3), it is computed the air sound speed by the equation (1).

For reference, it was computed the sound pressure level for two cases. First case, it is computed with air sound speed
constant of 341 m/s. The second model simulates graded air sound speed calculated by equation (1). This means that air
sound speed is highest at 5 meter (~338 m/s) and lowest at the bottom, close to ice surface (~332 m/s).

Figure 11 compares the distribution of acoustic energy with constant temperature (Figure 11a) and a model with
temperature gradient (Figure 11b). The model represents part of a section along the length of the ice hall. The shield
around the ice rink is represented by a short wall. The inclined line is the tribune area. The left wall is used as axis of
symmetry inside the ice rink. Sound absorption and scattering coefficients assigned to the wall are the same used in
previous numerical computations with software Odeon®. For the case with constant temperature, the acoustic energy
spreads out of the ice rink. With graded temperature however, this same energy has a tendency of downward refraction,
enhancing the reverberation time. The same patron is found for phenomenon called “temperature inversion”.
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Constant air sound speed of 341 m/s Calculated graded air sound speed

Shield around
the rink

Figure 11: Ray paths in in 2D after 0.3 seconds for: a) uniform air sound speed of 341 m/s b) graded air sound speed
calculated by equation (1).

Further work is being developed to validate measurements of reverberation time. It is also studied different alternative to
avoid peak values of reverberation time. A first preliminary study in a 3D model was created. The main objective with
the 3D model was to investigate how the reverberation time is affected due to temperature gradient. Figure 12 depicts
computed reverberation time at different heights in the ice hall. The results suggest that software COMSOL can be
considered to study the phenomenon found in all case studies.
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1 —1.5m, 6 0C
1 ) S5m, 8 0C
6 1 5 m, 11 0C

T,,, seconds
i
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Figure 12: Computed reverberation time, T20, with a 3D model in COMSOL Multiphysics ®.

6 Summary

Several investigators have reported “bad” acoustic in ice hockey halls. In general, it was found that the reverberation time
is affected in frequency range 250 Hz to 500 Hz, where the measurements in four ice hockey halls show peak values in
those frequencies.

This paper shows that the phenomenon called “temperature inversion™ can explain why measured reverberation times are
long in the case studies.

A new model to estimate changes of thermos-hygrometric conditions in an ice hall is advanced. Since, it is not possible
to add sound absorbing materials inside the rink, it is difficult to reduce reverberation time. The authors are currently
working with numerical simulations to propose alternative to reduce the reverberation time. A preliminary study with
software COMSOL ® confirms that this software can be used to understand propagation of sound energy in an ice hockey
hall.

Further work will aim to improve prediction methods and to develop solutions to avoid excess reverberation times.
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On June 1, 2022, a concert hall was put into operation inside one of the Packhouse built in Nizhny Novgorod
more than a hundred years ago. The hall is designed for concerts and opera productions without sound
reinforcement. During the finishing work, deviations from design solutions were allowed: the presence of
air cavities behind flexible sheaths, an understated surface mass of the ceiling. This resulted in a reduced
measured reverberation time at frequencies below 1000 Hz compared to the calculated values.
Measurements of the sound absorption coefficient of the wall structure according to the project and actually
executed were carried out in laboratory conditions. These data are used to estimate the reverberation time
in the hall, in case of implementation of design decisions. The data of computer modeling of the acoustics
of the hall at the design stage, the results of measurements in the built hall and the predicted values for rigid
fastening of wall panels are presented.

A special feature of the hall is the back wall of the stage, which is a translucent glass structure that can be
closed with a sectional sliding partition. An analysis was carried out of the influence of the design of the
rear wall of the stage on the acoustic parameters of the hall for various positions of the sliding structure.

Data on the subjective assessment of the acoustics of the hall are presented.

1 Introduction

Since the end of the nineteenth century, the largest art (not only in Russia) and industrial exhibitions have been held in
Nizhny Novgorod, on the banks of the Oka River at its confluence with the Volga (Strelka). Some of the pavilions
(Packhouse) for the exposition were built according to the project of the famous Russian engineer V. Shukhov. In Soviet
times, the pavilions were converted into production and storage facilities. During the preparation of Strelka for
construction and landscaping within the framework of the 2018 FIFA World Cup, the two remaining Shukhov pavilions
(openwork metal frames) were freed from late layers (brickwork, slate coverings, auxiliary structures). In 2019, the
Packhouse hosted several cultural events: the Intervals Audiovisual Art Festival and the Strelka International Art Festival.
In 2020, work was carried out to preserve Packhouse as cultural heritage sites of regional significance for the 800th
anniversary of Nizhny Novgorod. The metal structures were cleaned of old layers of paint and dust, and the historical
color was returned. In the summer of 2022, a concert hall with 426 seats was opened in one of the Packhouse. The concept
of preservation was developed by the architectural bureau "SPICh" under the guidance of architect Sergei Choban. The
concert hall in Packhouse is a unique project in Russia. Its original architectural feature is a panoramic glass wall with a
view of the Strelka and the historical part of the city.

In November 2022, this project became the winner of the international Trezzini Award.
2 Acoustic characteristics of the hall

The peculiarity of the concert hall, in addition to its elongated shape (the hall was fitted by the architect into the space of
the Packhouse frame), were restrictions on the weight of the enclosing structures of the hall. In this regard, the
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implementation of design acoustic solutions in full was not possible in terms of the use of heavy and rigid reflective
decorative linings on the surface of walls and especially on the ceiling.

The hall has a rectangular shape in plan, the main geometric characteristics are presented in Table 1

Table 1: Geometric characteristics of the hall

The length of the hall (up to the stage) 22.5m
The width of the hall 13.6 m
The height of the hall 9.2m
Capacity 320 seats
The air volume of the hall 3910 m?

The hall is mainly focused on musical and theatrical productions in the mode of natural acoustics (without the use of
sound reinforcement systems).

An additional architectural feature of the hall is the back wall of the stage, which is a translucent glass structure that can
be closed with a sectional sliding partition.

The project provided for wall cladding with a surface density of ~ 85 kg/m2, on a flat section of the ceiling, cladding with
a surface density of at least 30 kg/m2 was assumed. The ceiling and walls are finished with veneered gypsum panels, 8
mm thick, which were glued to the aerated concrete wall base and gypsum (drywall) ceiling (along the inclined perimeter).
The main central flat part of the ceiling is made of two sheets of drywall. Due to the fact that the limitation of the bearing
capacity of the new trusses bearing the ceiling of the hall was revealed at the stage of completion of finishing works, the
ceiling in the hall was mounted with a surface density lower than that laid down in the calculation of acoustic parameters.

Figure 1: The hall at the end of construction works — 06.01.2022.

To assess the acoustic characteristics of the hall during the design process, a computer model was built in the EASE
software package. Figure 2 compares the design values of the reverberation time and the measurement results at the end
of construction.
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Figure 2. The reverberation time in the concert hall.

Based on the measurement results, it was found that the expected reverberation at high frequencies corresponds to the
design values, the values at low and medium frequencies are slightly lower than the design values, which can be explained
by the following factors established during the acoustic survey:

* The ceiling design is much lighter than the design solution;

* The presence of air gaps between the walls of the aerated concrete hall and decorative panels;
* Construction dust that was not completely removed during the acoustic examination;

* Possible hidden defects in the floor structure.

3  An experiment to assess the effect of the method of fastening decorative

acoustic panels

For a qualitative assessment of the sound-absorbing properties of decorative acoustic panels mounted in various ways,
acoustic measurements were carried out in a small acoustic chamber "Acoustic Group", the scheme and dimensions of
which are shown in Figure 3.
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Figure 3. Small sound measuring chamber

1 — acoustic system; 2 — aerated concrete wall of 200 mm; 3 — doors; 4 — independent foundation; 5 — vibration—
insulating layer; 6 - moisture-proof gypsum fiber sheet.

A moisture-resistant gypsum fiber sheet of 8 mm was selected as the finishing decorative panel. Figure 4 shows a photo
of a partition made of aerated concrete and various ways of gluing a decorative panel.

a
Figure 4. Photo of the back wall of a small sound measuring chamber. A wall made of aerated concrete blocks (a), point
fastening of the moisture-proof gypsum fiber sheet (b), solid fastening of the moisture-proof gypsum fiber sheet (c),
moisture-proof gypsum fiber sheet glued to the wall of aerated concrete (d)

To eliminate edge effects, the gap between the moisture-proof gypsum fiber sheet and between the moisture-proof gypsum
fiber sheet and the side walls of the sound measuring chamber was sealed with a sealant. The reverberation time was
determined by the intermittent noise method. A modulated sound signal ("pink" noise) was applied to the speaker system
and recorded on a microphone located in the central part of the volume of the sound measuring chamber. The recorded
pulse responses were processed in the DIRAC 3.0 software package.

The measured values of acoustic parameters, averaged over 10 measurements for each mounting method, are shown in
Table 2.
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Table 2: Reverberation time in a small measuring chamber

The method of fastening the Reverberation time, s, in the octave band with an
Experiment | moisture-proof gypsum fiber sheet average geometric frequency, Hz

to the aerated concrete wall 125 250 500 1000 2000 4000
1 Spot glue attachment 1.11 1.21 1.24 0.93 0.86 0.80
2 glue over the entire surface 1.32 1.65 1.51 0.95 0.83 0.79

The reverberation time in the sound measuring chamber T, s, according to [1] can be recorded as a ratio:
_ |4
T=0,16 apSo+a;S; ey

where V — the volume of the sound measuring chamber, m?, ay is the reverberation coefficient of sound absorption of the
test sample, SO — the area of the test sample, m?, ai is the reverberation coefficient of sound absorption of the inner surface
of the chamber without taking into account the test sample, Si — the area of the inner surface of the chamber without
taking into account the test sample, m2.

The change in the sound absorption coefficient due to a decrease in the adhesive area between the wall and the moisture-
proof gypsum fiber sheet is determined by the difference:

Aag = agy — Agq (2)
where o2 and o, are the reverberation coefficient of the test sample during experiment 2 and 1, respectively.

The volume of the sound measuring chamber V = 1.69 m?, the area of the test sample Sp = 1.53 m?. Substituting ratio (1)
into formula (2) together with the results given in Table 1, we obtain the results of Table 3.

Table 3: Changing the sound absorption coefficient

Octave band with an average geometric
Acoustic parameter frequency, Hz
125 250 500 1000 | 2000 | 4000

A change in the sound absorption coefficient due to a
decrease in the adhesive area between the wall and | -0.03 | -0.04 | -0.03 | 0.00 | 0.00 | 0.00
moisture-proof gypsum fiber sheet A,

4  Assessment of the potential for increasing the reverberation time of the hall

It is of interest to assess the potential for increasing the reverberation time in the hall. An increase in the surface mass of
the ceiling is not possible due to the limitation of the bearing capacity of the new internal metal trusses inside the Shukhov
frame. For this reason, the scenario of increasing the reverberation of the hall due to the growth of the reflective properties
of the wall surfaces associated with a change in the method of fastening the finishing panels is being considered. In the
case of dismantling and re-mounting of panels without a gap with an aerated concrete base, the change in the sound
absorption coefficient can be taken close to the values given in Table 2. The wall area is about 700 m2. Figure 5 shows
the reverberation time measured at the end of construction and the reverberation time recalculated according to formula
(1) taking into account the experimentally obtained values of Table 2.
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Figure 5. Reverberation time in an empty hall.

Figure 5 shows that changing the panel mounting method makes it possible to increase the reverberation time in octave
bands with mean geometric frequencies of 125-500 Hz by about 0.1 s. It should be noted, however, that this estimate is
qualitative and subject to clarification. Laboratory measurements are needed, taking into account the effect of attaching
real large-format panels to the reflective base of the wall in a large sound measuring chamber.

4 The effect of a translucent wall on the acoustic characteristics of the hall

A special feature of the hall is the back wall of the stage, which is a glass translucent structure.

Figure 6. Translucent wall of the stage.

Depending on the artistic intent of the production, this wall can be closed with a sectional sliding partition (with a surface
weight of no more than 10 kg / m2) or remain open. The analysis of the influence of the design of the back wall of the
stage on the acoustic parameters of the hall for various positions of the sliding structure is carried out, the results are

shown in Figure 7.
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Figure 7. Reverberation time in an empty hall.

As can be seen, closing or opening the glass wall with a sliding partition does not have a significant effect.

5  Subjective assessment of the acoustics of the hall

On June 1, 2022, the rehearsal and opening concert of the hall took place. Theodor Currentzis (artistic director and chief
conductor of the MusicAeterna orchestra), after the rehearsal and concert, gave a good assessment of the acoustics of the
hall and, on the offer to play with or without sound reinforcement, chose to play the orchestra without sound reinforcement
(in natural acoustics mode).

On June 1, 2022, there was a rehearsal and a gala concert opening of the hall. The Symphony Orchestra of the Nizhny
Novgorod Opera and Ballet Theatre performed. The orchestra's chief conductor Dmitry Sinkovsky conducted. He praised
the acoustics of the hall. Soloists, singers and musicians also spoke extremely positively about the acoustic conditions in
the hall. The singers did not notice any negative effects (fluttering echo, theatrical echo — a large delay in reflections from
the back wall coming back to the stage). The feedback from the audience was only positive.

It should be noted that Dmitry Sinkovsky stressed that a hall filled with spectators has a more preferable sound character
than an empty one during rehearsal. This can be explained by the fact that in the filled state, the reverberation time in the
hall at medium and high frequencies (over 250 Hz) is noticeably reduced, while at low frequencies it is practically not.
That is, the frequency response of the reverberation time becomes more aligned and closer in nature to the design value.
This means that if the proposals to increase the reverberation time at low frequencies are implemented, the hall will have
acoustic characteristics close to the design ones (high reverberation time in the entire range of normalized frequencies).

6 Conclusion

Based on the results of the work, the following conclusions can be drawn:

1. A unique cultural facility has been designed and built, the central part of which is a concert hall with natural
acoustics.
2. Despite the significant difficulties of the project implementation, the acoustic parameters lie in the corridor of

optimal values, which is confirmed by the already established high acoustic reputation of the hall. The reduced
reverberation time in the hall at frequencies below 500 Hz is explained by a deviation from the design values
towards a decrease in the surface density of the walls and ceiling of the hall.

3. A qualitative experiment has been conducted confirming the potential of raising the reverberation time by changing
the way decorative panels are attached to an aerated concrete wall. A quantitative assessment can be performed
based on the results of additional studies and mock-up experiments in a large sound measuring chamber.
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This NTNU master's thesis presents a case study investigating the sound pressure levels (SPL) experienced
by 4 clarinetists during individual practice sessions in both a semi-anechoic chamber and a regular practice
room. The study involved both professional and amateur musicians. The measured difference between
radiated sound power level (L4 instrument) and the direct SPL at ears (L4,cars) have been found for test signals
in the dynamic "forte", measured in the semi-anechoic chamber. For greater insight, the sound level
contributions of the direct and the reflected sound at the musicians’ ears have been determined for the
practice room. The measured power-pressure difference (Lwa,instrument — La,cars) at “forte” was found to be
3.9+ 0.3 dB (m = 32). The octave band level difference was however found to be lowest at 1000 Hz but
most stable at 250 and 500 Hz. Results indicate that low values of L4 instument — L ears correspond with the
musicians’ decreased ability to hear the room response. This is verified through determination of the direct
and reflected sound contributions at ears in the practice room, where the 1000 Hz band alone showed a
slight increase of direct sound compared to reflected sound. The findings provide new insights into SPL
contributions at the ears of clarinetists during solitary practice, and the perceived sound field, while
highlighting uncertainties for accurate assessments of sound power and pressure levels.

1 Introduction

Musicians in orchestras and woodwind bands constitute a unique group regarding daily exposure of sound, both due to
levels and signal properties. Identifying the signal properties of musical instruments like the Bb clarinet is of high interest,
as it can produce a great range of variety in properties like sound pressure level, directivity, frequency range and harmonic
partials. Musicians spend much time practicing in solitude, in which the sound levels reaching their ears will include
multiple varying contributions. For solitary practice, this is mainly the direct sound and reflected sound from the room.
Separating the direct and reflected signals at the musicians’ ears can help yield a greater understanding of the instrument.
In previous research by O’Brien et al.[1], sound levels at musicians’ ears during solitary practice in non-anechoic
conditions. Moreover, findings by J. Meyer provide typical power levels (at the dynamic forte) radiated by various
instruments [2]. However, little data is published regarding the corresponding ear levels from the direct sound
contributions.

The Bb clarinet has been chosen as an isolated case study for investigating these concerns. The goal of this study is to
quantify and identify the sound levels at the musician’s ears, along with the sound power, both measured in an anechoic
or semi-anechoic room. Measurements of sound levels have been measured in a practice room, where a quantification has
been made of the contributions from the direct and reflected sound. The conditions for the dynamic forte are of primary
interest, relating to reference data by Meyer [2]. Specifically, a supplementing value for the expected A-weighted power-
pressure difference Lwainsirument —La cars between the radiated power (SWL) and the direct sound pressure level (SPL)
contribution at the ears has been obtained, with assessments of the uncertainty.
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2 Method

2.1 Measurement setup

The three main objectives of the test were as follows:

1. Measuring the SPL at the musicians’ ears for practice sessions and the dynamic forte, in semi-anechoic
chamber and in a practice room,

2. Identifying the A-weighted power-pressure difference, Lwainstrument —Laears, In 1/1 octave bands at the
dynamic forte, for the direct sound in a semi-anechoic chamber, with a quantified uncertainty,

3. Determining the SPL contributions at the musicians’ ears of the direct and the reflected sound, L4 cars,room,dir
and L4 cars,room,refl, 1N 1/1 octave bands in a practice room.

The test was conducted in two parts; one in a semi-anechoic chamber! and one in a regular practice room. For both
locations, measurements were made for a test signal in the dynamic forte, and for a structured practice session of 25
minutes. A total of 4 clarinetists participated in the study; 2 professional musicians and 2 hobbyists playing in amateur
wind bands. Measurements were made of the SPL at the musicians’ ears in both locations for the forte test signals,
relating findings by Meyer [2]. In addition, SWL was determined in the semi-anechoic chamber, both for test tones in
forte and during practice sessions. Table 1 gives an overview of the measured parameters for the various measurement
signals, in each location.

Table 1: Measured parameters in semi-anechoic room and in practice room.

Measurement Parameter(s) Semi-anechoic Practice room
chamber

Test signal (scale runs in Lwa, Lwa-La cars X -
Jorte) L eq2ss,ears X X
Practice session (Warm- Ly, Lwa-La,ears X -
up, Music repertoire) Litegtears e e

Lcr pax X X
Room acoustic parameters G, T - X

The test signal indicated in Table 1 consisted of one upwards run and one downwards run of a major scale in two
octaves, played at 70 beats per minute with the visual aid of a metronome. Measurements were averaged for 8
repetitions with the musician facing different angles, with increments of 45°.

For the practice session lasting a total of 25 minutes, a subset of three sections were used; one S-minute free warm-up
section, and two 10 minute freely structured practice sections of selected musical repertoire (J. S. Bach: “Gavotte” and
“Menuett”).

Ear-mounted microphones were used for measuring SPL at ears in both measurement locations, as well as a reference
microphone position at 1.5m distance. An array was additionally used in the semi-anechoic laboratory, using a setup of
11 positions.

' A semi-anehoic room was chosen for determining the radiated sound power level according to the standard ISO
3744:2010 [3]. The method was deemed relevant since musicians usually perform or practice positioned above a reflective
floor.
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2.2 Determining SPL contributions in a non-anechoic room

In the non-anechoic practice room, the total SPL measured at a persons’ ears, Ly, cars room, cOnsists of SPL components from
the direct sound, Ly, cars, room dir, and the reflected sound, Ly cars,room,refi:

Lp.ears,room,dir Lp.ears,room,refl (1)
in.r.‘u rs,room — 10 lUg] 0 10 i) + 10 10

It was desirable to identify these contributions in the practice room. This was done by combining level measurements,
directivity reference data, simulation data and room acoustic measurements (including strength) with the classic formula:

DFinstrument D Fears 4
i ! + ) [dB] re py
ac AI'OOJH (2)

dmr?

LJL(.IJ’P'h.i'(}G!H = Lﬂ.'.;.meﬂ ument,room + 10 l(lfl;m (

where r,. is an estimated distance between the ears and the acoustic center of the clarinet, determined from further
reference/simulation data and semi-anechoic measurements. A full description of the calculations and estimation methods
is available in the published master’s thesis [4].

3  Results and further work

3.1 Test signal —scales in forte

Measurements were conducted for the test signals in forte, of SPL and SWL in the semi-anechoic chamber and of SPL
in the practice room. Previous research by T. Halmrast has shown that musicians tend to compensate unconsciously in
absorbing environments [5], however the musicians were asked to perform the scale runs with as much dynamic
consistency as possible.

Table 2 shows the arithmetic averages and standard deviations of 25 second scale-run measurements of time-equivalent,
A-weighted sound pressure levels in both locations, in addition to the sound power level and power-pressure difference,
in dB, from the semi-anechoic chamber. The 95% confidence intervals are also stated with the averaged values,
assuming a normal distribution. For the power-pressure difference, a logarithmic average is used between the left and
right ear levels for L eq255ears. The background noise was measured to L4 packground noise = 17 dB, meaning that no
corrections were necessary for determining the SWL according to the ISO 3744 method. Data have been added for
SWL from Meyer [2], and for SPL at the musicians’ ears from O’Brien [1] for comparison.

Table 2: Measured parameters for scale run in forte, in semi-anechoic room and in practice room, with 95% confidence
intervals. Standard deviations in parentheses.

Measurement Lw4 [dB] Left ear Right ear Lwy —Laeq2ss,cars
locatlon/orlgln LA,quiv,ears [dB] LA,eq25s,ears [dB] [dB]
Semi-anechoic (f) | 95+0.6 (1.7) | 91+0.9 (2.6) 92 +0.8 (2.1) 3.9+0.3(0.8)
(m=32)

Practice room (f) 94+£2.0((3.2) 93 +£2.3(3.8)

(m=12)

Meyer (f) [2] 93

O’Brien (ff) [1] 97 96

The measured SPL, SWL and power-pressure differences were additionally determined in 1/1 octave bands. Bands
below 250 Hz are ignored, as the lowest note played during the test signals corresponds to a fundamental tone f =233
Hz. The ear level Lyeq255cars Was calculated from averages between the left and right ears of the players, as the levels
were found to be similar for the test signal measurements (median inter-aural difference 0.9 dB). Figure 2 shows the
corresponding arithmetic average of power-pressure differences, Lws — Lueq2ss.ears, 1n 1/1 octave bands.
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Ly = L, eq25s, ears (M=32)

dB

250 500 1000 2000 4000
Frequency [Hz]
Figure 2: Arithmetic average of difference between power and ear pressure levels (Lwy —Lueq25s.ears) in 1/1 octave bands,
for scale runs in forte, in semi-anechoic laboratory (m=32). Box plots show middle (boxes) and outer (whiskers)
quartiles, along with medians (horizontal line) and outliers (circles).

The above figure shows that the determined power-pressure difference is close to 5 dB in the 250 and 500 Hz bands,
before dropping by 2 dB in the 1000 Hz band and then increasing significantly for higher frequencies. From the sample
variance given by the box plots, the power-pressure difference however remains the most stable for the 250 and 500 Hz
bands.

The SPL contributions from the room and the direct sound were determined for the practice room. Figure 3 shows the
measured L4 ears,room With the determined Ly cars,room,dir a0d L4 ears,room, ret 10 the practice room, in 1/1 octave bands, for test
signal scale runs in forte.

T T
- l'-Aears‘roum.measured v

= Laears, room, dir - ~

90 1

- LAears‘ room, refl

Lpa [dB re 20 pPa)

500 1000 2000
Frequency [Hz]

Figure 3: Sound pressure level contributions at ears for 1/1 octave bands, in decibels. Dashed line shows measured, total
SPL at ears, while black and grey lines indicate the determined contributions of the reflected and the direct sound,
respectively.

The calculated sound level contributions in the practice room presented in Figure 3, show that the reflected sound level
was found to be higher than the direct signal for most evaluated octave bands, except for 1000 Hz. Hence, the musician
hears “less of the room” for this band, implying a possible increase in directivity towards the musicians’ ears. As the
curve in Figure 2 is otherwise increasing for higher frequencies, this indicates an expected directivity pattern “away” from
the musician in higher frequency bands.

178



3.2 Technical measurement observations during practice sessions

Investigations of the power-pressure difference were done during practice sessions in the semi-anechoic chamber. The
SPL measurements were analyzed over time, to investigate the variation of sound levels for the purpose of removing
unwanted noise during rests and pauses. This includes reflections and resonances in combination with non-stationary
noise from breathing, cloth rustling and similar. Figure 4 shows an example histogram of the calculated Ly values for
Person 1, ungated, for the total 25-minute duration of the entire practice session in the semi-anechoic chamber. The
figure shows a minority of occurrences where Ly is in the immediate area below 65 dB re 1pW, but a 16% occurrence
peak in the level range around 40 dB re 1pW. The occurrences in this lower-level range correspond to rests and
breathing pauses of the musician, which is why the levels below the occurrence dip at 65 dB re 1 pW were gated out for

this part of the study.

25.0% - Lwar Person 1 practice session —
(25 minutes), semi-anechoic

20.0% 1

n | I.

10.0%

SWL occurance

5.0% 4

0.0% -~
40 50 60 70 80 920 100

dB re 1pW

Figure 4: Example histogram for Ly 4 values from entire 25-minute practice session in semi-anechoic chamber, from
participant “Person 1”. Occurrences approximately below 65 dB re 1 pW originate from rests and breathing pauses.

Filtering low levels due to rests and pauses was in addition found to have a stabilizing effect in determining the power-
pressure difference. Figure 5 shows an example from one of the musicians during the Gavotte” practice section, of
how the Lwur — Larears difference value over time is affected by becoming less stable for lower values of Lyyr. This is
especially visible in the right rectangular window. An equivalent power level L4 packgrouna have additionally been
calculated from the measured background noise in the semi-anechoic chamber, indicated in the figure.

100 1 = Lwar = Lwar = Lar ears

- LWAA background

Lwa [dB re 1pW]
Lwa = La,ears [dB]

=10

e et o o e o o i - - -

30 40 50 60 70 80
Time [s]

Figure 5: Example from Person 1, during practice of musical piece “Gavotte”. Solid line/right y-axis shows Lyr
—L4F,ears OVer time, with the corresponding L4 value indicated with dotted lines/left y-axis. Background noise
equivalent SWL L4 packground Shown with dashed line. Occurrences where Ly4r —L4r ears rapidly changes during rests
and breathing pauses is indicated with circles.
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3.3 Time envelope of power-pressure difference

Figure 5 shows that the most variation of Lyur —LuFcars OCcur in the moments where the instrument is silent, between the
musician’s playing. A trend can however be seen in the left rectangular window, in which the power-pressure difference
displays sharp peaks whenever the clarinetist starts or stops playing. This suggests that large variations occur in the short
time windows from the immediate starting/stopping of the direct signal, to when the effect from the contribution from the
reverberant signal becomes relevant.

3.4 Possibilities for a simplified method

The method described should be further developed and if possible, simplified, with a verification of the agreement
between the original and revised method. It is desirable to be able to extract similar information for an instrument by only
measuring in a non-anechoic room, given a known and appropriate reverberant field. An energetic subtraction between
ear levels and measurements in the reverberant field in the practice room gave a roughly estimated direct sound level of
L4 cars,agirect 92 dB, assuming an evenly distributed reverberant field. This value matches the measured sound pressure level
at ears in the semi-anechoic chamber, for scales in forte. However, using this information to further determine the power-
pressure difference requires information about the distance to the acoustic centroid. The underlying assumption about an
evenly distributed reverberant field also places larger demands to the practice rooms.

A verification of the findings in the semi-anechoic chamber should additionally be done by comparing with measurements
in a fully anechoic environment. Using a semi-anechoic environment was initially chosen due to being more representative
of a realistic setting, though the resulting method proved to be unnecessary complex, requiring corrections from
simulations of floor reflections, and thus increasing the uncertainty of results. Further work systematically investigating
the agreement between methods with various degrees of simplification would be of high interest.
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This paper discusses the design, realization and acoustical performance of a newly opened large TV
production studios in Polish National Television complex, in Warsaw, Poland. Several design aspects are
discussed including location of smaller studios one over another, design of inner walls with both wide-
band frequency absorption and impact resistance requirements as well as sound insulation of roof
penetrations. Designs with computer models as well as the acoustical performance of the finished rooms
are discussed. Construction details of the interior surfaces and of the technical installations and their
influence on the acoustics are also discussed.

1 Introduction

In 2021, the results of a public tender for design&build of a new 7,000 m*> complex of the Polish National Television
production studios, inclusive of two large (~46 x 30 x 20m, 25,000 m’ each) and four smaller studios (~28 x 21 x 8m,
5,000 m’ each) was declared in Warsaw, Poland. The victors were PIG Architects, a Warsaw-based architectural firm
and DORACO as General Contractor. The first author was enlisted to aid the architects in acoustically designing the
complex. As of May 2024, the complex is finished, with a opening planned for June 2024. The initial building cost was
estimated at 50 million Euros (net). Below are the images of the building exterior (Fig.1, left) and interior of the largest
studio (Fig.1, right).

Figure 1: TVP television studio complex (left:exterior, right:interior of a large TV studio)
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2 Building design

Design of the building was following a conceptual design provided by the Client. In this conceptual design and due to
site size limitations, all four smaller tv studios were located one over another, without any buffer level between. Also, as
all requirements given in Client specification were only related to laboratory values (Ryw and not R’y), it was not
possible to convince General Contractor to invest into box-in-box design. Due to structural requirements and cost
savings, no proper box-in-box design was implemented, making it difficult to secure high sound insulation between tv
studios and forcing acoustical design to rely mostly on floating floors and thick monolithic reinforce concrete structures.
Structural walls around tv studios were constructed as 30-35c¢m thick monolithic reinforced concrete, while floors
between smaller studios were made as 60cm pre-stressed reinforced concrete plate with 20cm thick reinforced concrete
floating floor on elastomeric springs. Walls around small tv studios were separated horizontally, to avoid vertical
material sound and flanking transmission, however this elastic joint was located (due to structural requirements) below
structural floor, and not above, which would be safer from acoustical point of view. All lift shafts around studios were
separated from building structure to avoid structural noise transfer. As all HVAC installation were located at the roof,
additional silencers and multilayer encasements were design around ductwork at roof penetrations. Most entrances and
exits from tv studios were designed as acoustically dampened sound/light locks with double doors. Final building plan
(Fig.3) and section (Fig.4) are shown below.
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3  Room acoustical design

Room acoustical design of the tv studios interiors was following design specification provided by the Client. In large tv
studios, required reverberation time was 0,9 seconds (+/- 0,2) and in small studios it was 0,6 seconds (+/- 0,2). To reach
that level of reverberation time for such large rooms, almost every surface need to be sound absorbing. As there is no
area left for dedicated low frequency absorbers, a special broadband sound absorbing cladding was designed. It was
composed of a perforated brick, used as an aesthetically finishing and impact resistant element, with carefully selected
mineral wool and airspace behind. For perforated bricks a hollow ceramic block, Thermoton 50-25 P+W, was used,
measuring 500x250mm wide and 235mm deep, which was cut in half, to reduce it’s depth to 115mm. Perforation ratio
of brick elements was very high, between 67,8 to 70,0%, composed on several different square or rectangular openings
with width between 18 and 40mm, but with relatively large depth of those holes (115mm). Bricks were installed on
shallow concrete shelfs, 350mm from concrete wall behind. Behind brick, a single layer of 200mm glass wool
(~15kg/m® and ~10kPa*s/m®) was installed with additional 150mm of airspace behind. To choose best possible mineral
wool, sound absorption of brick wall was first simulated in Winflag [1] and later measured in typical ISO354 laboratory
test [2]. Decrease in high-frequency sound absorption, visible in simulation (due to large depth of perforations), was not
confirmed in lab test. To save construction costs, upper parts of all walls were finished without perforated bricks, just
with 200mm mineral wool with 150mm of airspace behind. Details of brick wall and results of it’s sound absorption test
are shown in Fig.4 and 5.
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Figure 4: Brick cladding (left: brick detail, right: sound absorption simulation/measurement)

Figure 5: Brick cladding used on walls in all television studios (left: during ISO354 test, right: finished in hall)

183



4 Measurements results

In April 2024 authors had a chance to perform first few measurement session inside finished TV studios. We measured
noise levels with HVAC system turned on, reverberation time in all studios as well as some basic airborne and impact
sound insulation. Results from RT measurements from one large and two small TV studios are shown on Fig.6. During
RT measurements, we detected some flutter echoes between flat mineral wool ductworks (installed under ceiling in
small studios) and flat floor below, which needs to be eliminated. We also detected some reflections between vertical
ductwork placed symmetrically on two parallel walls in one of large studios, as well as vibrating metal perforated grilles
covering supply end of air ducts. Noise level, with all ventilation systems turns on, was measured at around 32dB(A),
much below Client requirement of < 37dBA. Airborne sound insulation between small modules (both vertically and
horizontally) was measured at around D, w=72dB, with sound insulation at 63Hz reaching around 48dB. Impact level
between two modules (one over another) was measured at L, w=19dB, but additional test showed that floating floor
resonance frequency seems to be much higher than what was calculated in design stage (~10Hz) so there is a risk that
low frequency impact sounds could be transmitted from the upper studio to the lower one — more measurements are
needed to analyse this.

Reverberation Time T, [sec.]

ESN

IN)

o
©

o
=)

o
~

o
N

o

Reverberation time - large TV sudios

—&— design [simulation]

=TV studio D1 [measurement]

Client requirements

\ —_—

- ~

T
63 Hz

T T T T T T T
125Hz 250Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

Reverberation Time T, [sec.]

ES

N

e
©

o
o

o
~

o
[N

o

Reverberation time - small TV sudios

(—— design [simulation]

=TV studio M1 [measurement]
® TV studio M2 [measurement]

Client requirements

L §

AN

o,
-,

\-\_ )

X o
S __“_ﬂ_“_m_*__,...;__\‘e\‘

T
63 Hz

T T T T T T T
125Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz

Figure 6: Design (Odeon simulation) and measured reverberation time in finished studios
(left: large TV studio D1, right: small TV studios M1 and M2)

5 Discussion

Acoustical design of such a challenging building, as TV studios, in the Design&Build formula can be difficult, when
Client specification is not very specific (in acoustical terms) and conceptual design prepared by the Client is created
only based on size requirements and site restrictions, without much of acoustical considerations. As almost all
acoustical requirements result typically in increase of thickness of building elements and/or in increase of construction
costs, well written Client specification in Design&Build formula is the only way to force General Contractor to
introduce those changes into the design and into the final building construction. In this project, only reverberation time
requirements were specifically written (at least to some extent), so implementation of room acoustical features was
accepted by the General Contractor. However all those elements had to be acoustically designed with simple and cheap
materials, not to increase the final construction cost. In respect to sound insulation specification, requirements defined
with laboratory values are not very helpful in achieving proper acoustical separation in finished building. Also,
restrictions in site size, should not be solved with placing two studios one over the other, without reserving extra space
for proper box-in-box solution, or at least separating them with a buffer zone. As one can see from measurement results
shown in previous chapter, main goals in that field were achieved, mostly in reverberation control, however
simultaneous use of all studios, and transmission garage below and rooms above, has yet to be fully tested in real
scenarios, to fully confirm it’s acoustical character.
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6 Summary

It's an exciting and complex project. We're keenly awaiting the chance to perform final set of sound level and insulation
measurements in the completed studios, as well as first TV recordings!
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National building regulations have existed in Denmark since 1961 and have included acoustic regulations
for housing. The housing stock in Denmark consists currently (2023) of almost 2.8 mio dwellings, of these
are ~40% dwellings in multi-storey (MS) housing, ~40% one-family houses and ~15% terraced houses
(row houses). This paper focuses on compliance with limits for airborne and impact sound insulation
between dwellings in new-build and apply to both MS housing and terraced houses (row houses).

Issuing of building permits and permits allowing use of buildings after completion are administered by
local building authorities in the municipalities, and for decades they were involved in technical details
related to the building permits. However, administration of building regulations and proof of compliance
changed over time — with some of the changes unfortunately implying reduced options for check of
compliance. In practice, compliance with acoustic regulations suffers from various shortcomings in the
building process, some related to the builders’ lack of understanding of acoustic regulations or lack of
inspection of the construction work, others due to lack of compliance test or building authorities’ lack of
expertise with how to check the validity/invalidity of field test reports. The consideration behind the
building regulations' requirement for documentation is partly to ensure that buildings comply with the
requirements, and partly to ensure that later users of the building have a valid documentation basis. The
paper describes details of the shortcomings and provides examples of severe construction defects being
noticed mainly due to field tests following user complaints. Furthermore, indications of options for
improvement of documentation procedures will be described.

1 Introduction

Acoustic regulations exist in most countries in Europe for different categories of buildings. Regulations and enforcement
vary considerably between countries. This paper focuses on housing and specifically on compliance with limits for
airborne and impact sound insulation between dwellings. In Europe, limit values are included in building regulations in
more than 30 countries, cf. [1]. The paper provides brief information about the limit values and housing stock in Denmark
and the compliance rules according to the current Danish regulations. The paper includes examples of new housing with
sound insulation performance far below the requirements.

2 Sound insulation regulations in Denmark for new housing

2.1 Sound insulation regulations and classification

The current sound insulation regulations in Denmark are found in [2] and [3]. The requirements for housing have not
changed since 2008. In [2] is referred to [3] for limit values. Additional guidelines related to field tests in Denmark are
found in [4]. Since 2008, the regulations have referred to Class C in DS 490 [5]. Table 1 shows the sound insulation limit
values from 1961 until now. An overview of the acoustic classes A-F in DS 490 is found in Table 2. Test methods for
check of field performance are ISO methods, see [6] and [7], which are also implemented as EN standards and as national
standards in CEN member countries. The methods also include requirements for the instrumentation, e.g. [8].
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Table 1: Sound insulation main requirements () in the Danish building regulations
for walls/floors between dwellings constructed in the period from 1961 until now [2].

. . Airborne sound Impact sound
Period Housing type insulation (" insulation ("
. R'w =52 dB (horizontal) ,
)., - (©)) w
19613)-2008  Multi-storey R' > 53 dB (vertical) L'nw <58dB
Since 2008 Multistoreyand o, 5 55 g L'nw <53 dB

row housing

Note 1: Limit values until 1982 are estimated by converting to the descriptors, R\ and L'nw
applied in the current Danish building regulations.

Note 2: Before 1961, there were no general national building regulations.

Note 3: For terraced housing (row housing), the limit values were:
R'w =55 dB from 1966 and L'nw < 53 dB from 1977.

Table 2: Occupants' expected satisfaction for different sound classes
according to DS 490:2018 [5]. Summary based on information in DS 490.

Characteristics of DS 490 sound classes for
dwellings and occupants' expected evaluation
Information from DS 490:2018

Good or

Sound insulation between dwellings
Main class criteria A-F in DS 490:2018

Class Airborne Impact Sound class descriptions very good Poor
L’ <43 dB and Excellent acoustic conditions.
A |R,+C. =63dB|,, ™ Occupants will be disturbed only >90%
W EUSIE L nw ¥ c|,50-2500 £43dB occasionally by sound or noise.
B L,n,w <48 dB and Significant improvement compared to

R, +C. 258dBj|; - minimum in class C. Occupants may be | 70-85 % | <10 %
W 303150 L nw C|,50-2500 48 dB disturbed sometimes.

R’ >55dB L’ <53 dB Sound class intended as the minimum for 50-65 % | <20 %
w= nw =

new buildings.
Sound class intended for older buildings

R’,250dB L.~ <58dB with less satisfactory acoustic conditions, | 30-45 % | 25-40 %

e.g. for renovated dwellings.

R’.>45dB L’ <63 dB Sound class intended for older buildings 10-25 % | 45-60 %
w= nw =

with unsatisfactory acoustic conditions.

(= N o]

m

Sound class intended for older buildings
F R’,240dB L, <68dB with clearly unsatisfactory <5% |65-80 %
: acoustic conditions.
. . . Note: Within each sound class, the percentage of satisfied or
Reference: DS 490:2018 “Lydkla55|ﬁkat|on af bollgel" dissatisfied occupants may depend on the type of criterion.

(Sound classification of dwe"ings) The grouping is mainly based on the subjective assessments
of airborne and impact sound from adjacent dwellings.

The first versions of DS 490 were published in 2001 and 2007, respectively, and with four classes A-D as in the other
Nordic countries. DS 490:2001 was not formally related to the building code. DS 490:2007 was linked to the building
code in 2008, since the acoustic requirements for housing were defined as fulfilment of Class C. In 2018, a revised version
with two new classes E and F was published. The purpose was to have acoustic classes corresponding to older dwellings
built before 1961, see Table 1 and Figure 1. For more information about the background, see [9].

2.2 Housing stock in DK

The housing stock in Denmark consists of about 2.8 mio dwellings [10], of these almost 1.2 mio dwellings in multi-storey
(MS) housing, 450.000 row houses and most others single-family houses. In Figure 1 is found a diagram with number of
MS dwellings according to construction year, and with the estimated acoustic class F, E, D, C according to DS 490:2018
[5], shown for various time periods.

The preferred type of dwellings changes over time. In the 25-year period 1990-2015, the number of dwellings in row
housing and in multi-storey (MS) housing were almost identical. In the preceding 10 years (1980-1990), row houses were
dominant, and since approx. 2016, MS housing has dominated.

From Figure 1, it is seen that in 2023, only about 10% of the MS dwellings can be expected to fulfil the current
requirements. More information about constructions in various time periods is found in [9] and [11].

In the COST TU0901 books [12] and [13], more information is found about the housing stock in Europe (status 2013),
focused on issues related to acoustic harmonization. An overview is given in [12] and information about individual
countries (29 in Europe and 2 overseas) in [13].
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No. of Danish dwellings in multi-storey housing according to construction year
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Figure 1: No. of Danish dwellings 1900-2022 in multi-storey housing according to construction year [10].
Estimated acoustic classes F, E, D, C according to DS 490:2018 are indicated.
More information about constructions in various time periods is found in [9] and [11].
Note: Time periods 10 years, except the first & last column. The dashed line indicates year 1961 with the
first national building regulations. The dotted line indicates year 2008 with stricter sound insulation limit values.

3 Sound insulation compliance procedures according to BR18 and shortcomings

The current administrative procedures are explained in BR2018, Ch. 1 [2] and the related guideline [14]. To obtain a
permit for starting construction, the builder must define the type of building and which Building Code Chapters (technical
performances) apply. This applies to both MS housing and row housing. At the end of the construction process, the builder
must upload documentation according to the Ch. 1 guideline, i.e. the chapters indicated in the application for the building
permit. According to the introduction in [14] the purposes of the guideline are:

e To make sure that the requirements in the building regulations are fulfilled.
e To ensure that valid documentation is available for later users of the building.

According to experiences from many acousticians in Denmark, the reality is that the two above-mentioned purposes are
far from being fulfilled in practice. Many cases about poor sound insulation appear due to complaints about neighbour
noise at a point in time, where permit for use has already been provided, although compliance with the sound insulation
requirements is not documented.

The procedure and main rules in the current BR2018, Ch. 1 [2], are as follows — with some comments added in Italic:
e A random sample of 10% of building cases is selected by building authorities for check of documentation. — Is 10% enough?
e Terraced houses (row houses) are exempted from check of sound insulation by authorities. — However, in practice severe
faults are not uncommon, and the number of row houses is large as mentioned in section 2.2.

o Calculations considered sufficient for documentation [ 14]. — However, practical experiences point to the necessity of field
tests, since various mistakes and misunderstandings cannot be taken into account in calculations.

Consequences of no field check or poor-quality test reports

The importance of regulations may be obvious, but proper design and quality control are necessary to obtain the desired
quality, since uncertainties related to design and errors in workmanship are unavoidable in real life, not least when
applying new solutions and materials. Learning from mistakes is important for the later building projects.

If severe deficiencies in sound insulation performance are not found or found too late, after people have moved in, people
must suffer from poor acoustic conditions as long as they stay, if the problems are not solved, which may take years or
might never happen. — After completion of buildings, modifications are typically very expensive in time and money. In
addition, the process often implies a high mental load for the people involved.

An important issue when preparing valid documentation is also the quality of the test reports. The authors have seen test
reports prepared by organizations or people without competences in acoustic regulations, test methods and equipment,
and the result may be test reports misleading to both builders and building authorities or even “nonsense”. In one case,
we observed that the building authorities considered such a “nonsense” report to be an accredited test report.

In [5], the clause about verification tests recommends that such tests are made by organizations with accreditation for
building acoustic field tests or a person having a personal certification (does not yet exist in Denmark) for such field tests.
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4  Field cases

Experience from practice have provided several examples of dwellings with sound insulation performance far below the
limits in regulations. Thus, it is found important to initiate attention to the situation by informing about such cases from
various parts of Denmark. The cases can hopefully lead to better rules and improved check of documentation.

Below is found information from four field cases:

Case 1: Row housing, airborne sound insulation.

Case 2: Multi-storey housing, impact sound insulation.

Case 3: Multi-storey housing with 240 dwellings — renovation.

Case 4: Row housing - 8 dwellings established in a former factory hall.

Case 1: Row housing with insufficient airborne sound insulation

In row-houses, double aerated concrete walls can provide very high airborne sound insulation provided they are
constructed correctly. If not, in this case with 25 buildings, approximately 90 % of the dwellings did not fulfil the current
requirements R'y > 55 dB. One of the separating walls showed a 7 dB shortfall, see the lower curve in Figure 2. These
results - found during control measurements between all the dwellings — would be unsatisfactory for the residents; since
they would be able to hear the neighbours' conversations, thus causing complaints.
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Figure 2: Diagram showing a good (R’y, = 55 dB) and a poor (R’ =48 dB) example from same building site

There are several possibilities for failures in double-wall constructions between dwellings, even if an elastic joint is made
in the outer facade wall (to reduce flanking transmission through the facade). In this case, it was especially the foundations
that messed with casting and bracing angle profiles that short-circuited the double walls, which should have otherwise been
independent. After cutting the potential sound bridges, there were unfortunately still a few dB missing, which turned out
to be caused by a too low separation in the foundation under the double walls (200 mm instead of 400 mm), see Figure 3.

The final solution included lining with two layers of plasterboard (one normal and one heavy weight plasterboard) directly
mounted/screwed on each side of the double wall.
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Figure 3: Vertical section showing a foundation/terrain floor assembly.
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The remedy-cost was around 10.000 Euro per dwelling and the case was solved in two years. Even though the case is
from before 2010 this one and several other cases show that is still highly relevant for the builders/investors of own
initiative to perform control measurements, especially because it is now no longer permitted for the authorities to ask for
such tests. Thereby it becomes the residents’ own task to investigate and solve the problems — which more residents
abstain from due to costs and lack of insight. Consequently, some residents may therefore live with unsatisfactory sound
insulation, hearing noise and conversations from the neighbours.

Case 2: Multi-storey housing with too high impact noise levels

In an expensive 14-storey high-end building containing 25 dwellings with a sea view, high impact noise levels were measured
in 2015 in living rooms. This resulted in resident complaints. A very extensive measurement program with 131 impact noise
measurements showed that as many as 67% of the living spaces did not comply with the applicable minimum requirements
in DS490 (L',w <53 dB) and had up to 9 dB's exceedances. Large variations in execution quality of the floors were revealed:
Most exceedances were found in the dwellings in the right-hand stairwell, where 76% did not comply with limits, while it
was 59% in the left-hand stairwell that did not comply. There were no impact noise problems from the very top floors. The
problem turned out to be the ”Foam-concrete” used (Thermotec/Thermowhite), see Figure 4, with a very variable stiffness
— due to wrong mixing at the building site, i.e. elastic in the very top floors and quite hard in the other floors. This showed
up as varying resonance peaks in the impact noise curves, see Figure 5.
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Figure 4: Vertical section at the facade showing the floating concrete floor on foam concrete.

Impact noise examples. Worst and best cases
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Figure 5: Diagram showing impact noise from floating floors in living rooms. One good (L’nw =47 dB
from the very top floor) and two poor examples (L’ w = 59-60 dB from lower floors).

The case was submitted to the opinion of an expert appointed by the court and a consequent very costly remedy (estimated
to more than 100.000 Euro per dwelling): Rehousing, storage of fixtures, removal of wooden floors, concrete casting with
underfloor heating hoses and Foam-concrete as well as restoration based on pressure-resistant/elastic mineral wool as a
base for concrete casting with heating hoses and finished floors. A very long-lasting case that took more than 5 years.
Consequently, control measurements are (still) very important and educational for both entrepreneurs and acousticians.
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Case 3: Multi-storey housing with 240 dwellings — impact sound in renovated building

In aresidential complex (public housing) with 240 apartments in 5-storey housing blocks, construction year 1980, a major
renovation project was completed in 2022. The reasons for the renovation were a general need for maintenance, upgrading
(new kitchen etc.) and a wish to have less maintenance costs in the future. Among other things, it was a goal to have
maintenance-free floors that did not have to be sanded every time new residents moved into an apartment.

Original building: Walls of concrete, hollow core concrete slabs with wooden parquet on joists on underlay wedges.
There was no information about neighbour noise complaints, and no sound insulation tests were made before renovation.

Goal for sound insulation in the renovated building: DS 490 Class C as for new-build, i.e. R'y, > 55 dB; L'y < 53 dB.
The old floors were removed, and new floor constructions were installed consisting of foam concrete (~50 mm), impact
sound insulation mat (~6-8 mm), concrete (~40-60 mm), wooden click floor (easy to replace in the future).

After renovation people moved in. Soon after there were many neighbour noise complaints, mostly about impact sound.
Consequently, vertical airborne and impact sound insulation tests were made and large deviations from the targets found:
e Impact limit L', v < 53 dB — exceeded by more than 10-15 dB (i.e. impact levels far too high).
e Airborne limit R'y, > 55 dB — results low, more than 5 dB below limit.

From the inspection of the building, it was concluded that the concrete layer was connected to the walls, implying a
strong vertical flanking transmission of both airborne and impact sound. This type of construction fault is typical and
has been known for decades, see illustration in COST TU0901 book 2 [13], Ch. 5, Figure 5.12. The reminder could be
that knowledge about design and details, visual inspection and early pre-completion testing are all important issues, so
the same, severe construction fault could be detected and avoided, before being made in 240 apartments.

Estimated costs for improvement to comply with Class C limits were huge: ~40.000 EUR/apt, i.e. ~10 mio. EUR in total.

Conclusion: Currently (April 2024) a decision is pending about what could be done and when — and who should pay.

Case 4: Row housing - 8 dwellings established in a large, former factory hall

Case from 2017: Old brick building (factory hall) has been converted into dwellings (8 row houses). Thus, the building
code requires that the sound insulation between the dwellings must fulfil DS 490 Class C.

The row houses have been constructed in the former factory building, each with basement, ground floor, first and
second floor. Price around 1 mio. EUR each (2017).

All owners found the sound insulation unacceptable, and they ordered a consultant to do tests (2019). In total 16 tests of
airborne and impact sound insulation were made. A few tests between rooms in the basement and in the upper floor
fulfilled the required Class C. But the sound insulation tests between living rooms, ground floor and first floor, did not
fulfil Class C (and also not Class D). The test results for airborne sound insulation were R'y, 40-49 dB (requirement R'y,
> 55 dB) and for impact sound L', 64-62 dB (requirement L',y < 53 dB). Thus, the results correspond to the lower
classes E and F, which are definitely not intended for new dwellings, cf. Table 2.

For a long time, there seemed to be no solution, since the builder was bankrupt (but had a large sum of money in another
company), and the insurance company refused to pay for “repair” of the sound insulation. But then the house owners had
contact to a lawyer, who initiated negotiations between the builder and the insurance company, and after two more years,
some sound insulation improvements were made for walls and floors. It is not known exactly, which changes were made.
A new sound insulation test was made, but the test report is not made available for this paper.

Experiences from DK and other countries about monitoring of compliance with building regulations

In [15] (1994) is found information about acoustic conditions in housing in Denmark, including a brief summary of
legislation over time and enforcement. It is explained that the acoustic quality of dwellings depends strongly on the
number of control tests, and it is stated that enforcement varies across the country. A figure from [16] shows how
increased enforcement in Jutland implied a significant positive increase in compliance rate from 20% to 70% in the
period 1975-1987. In [17] it is described how simple construction errors unfortunately keep reducing the sound
insulation in housing significantly. International information is also included in [16], and related to the subject of this
paper, there is interesting information about enforcement in Austria in 1994, where survey results for different regions
showed various strategies and policies.

In [18] are found very interesting, recent survey results for Spain about compliance procedures and testing in different
areas in the country. Of special interest are that testing is mandatory in some communities and that a “registry of competent
entities for the performance of acoustic tests” is made by quality departments in some communities or local governments.

In UK, there is a long tradition for doing research and surveys about neighbour noise and for registering noise
complaints. In [19] (from 1997) are included both information about noise sources, sound insulation field test results,
how poor sound insulation affects life and emotions related to neighbour noise. A coordinated approach for improving

191



sound insulation in new housing is found in “Robust Details” [20], which includes construction designs, acoustic site
inspection, checklists, sample field testing etc. In UK, building acoustic performance compliance levels increased from
40% (floors) and 60% (walls) before Robust Details approach to 98% and 99%, respectively, by using the robust details
approach. Noise complaints have reduced by a factor of 3 for new build attached housing, see [21] and [22].

In the COST TU0901 books [12] and [13], more information is found related to the issues of this paper. In book 1 [12]
see especially Ch. 9 (Monitoring & Testing Sound Insulation...) and 10 (Common Errors and Good Practice...). Book 2
[13] provides information about individual countries (29 in Europe and 2 overseas) about housing stock, typical
constructions and typical construction faults in design and workmanship.

In the Danish standard DS 490:2018 [5] for acoustic classification of dwellings, the clause about verification tests
(Appendix B) recommends that such tests are performed by organizations with accreditation for building acoustic field
tests or a person having a personal certification for such tests. Design guidelines (in Danish) for new housing and
improvement of existing housing are found in [23] and[24], respectively.

5 Conclusions and recommendations

Based on Danish field cases described in Section 4 and experiences from several countries, severe faults in building
constructions are still common, even faults being well-known for decades. Several examples are found in [13]. Improved
enforcement of regulations would encourage higher awareness of the regulations.

Important issues in the planning and construction process are:

¢ Planning of constructions

e Workmanship

Visual inspection

Pre-completion testing in case of new construction types, e.g. wooden constructions.
Pre-occupancy testing

Permit for use only obtained if requirements are complied with.

Recommendations for administration of acoustic regulations for housing in Denmark:
e Building regulations must continue to include clear requirements, including test methods and limit values.
e Row housing to be included in check of documentation for acoustic performance.
e Percentage of check by building authorities to be increased? (currently 10%).
o Field tests must be carried out as measurements. Calculations cannot replace field tests.

e Preparation of a guideline stating minimum competences for people performing acoustic field tests. A sort of approval
or certification of such people would be very useful and the feasibility should be investigated.

e Preparation of a guideline for building authorities on how to check validity of acoustic field test reports.
o Enforcement of regulations to be performed by building authorities in all municipalities.

e Acoustic quality of dwellings to be included in documentation for performance of dwellings as “open access” for
potential users, both tenants and buyers — in line with the intention of the guideline for documentation.

The background for the above-mentioned issues and recommendations are that residents need privacy and opportunities
for own activities without disturbing neighbours. A large part of the existing housing stock built before 1961 in Denmark
does not offer privacy or such opportunities and could be characterized as acoustic slum, cf. [24], which should be avoided
both when renovating housing and especially in new and future housing. — At last, it is important to emphasize that leaving
the acoustic quality check to the residents creates a very stressful situation often lasting years. Instead, the responsibility
belongs to the builders and administration procedures developed by building authorities.
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Outdoor music event noise levels and limits

Abstract

Outdoor events in Finland, do not have a uniform noise limit for compliance. When organising outdoor events, such as
music festivals, which continue after 22.00, organisers are required to submit a notification of noise (meluilmoitus) to
inform the local environmental authorities, who then derives a decision with possible noise limits and mitigation
measures.

The purpose of limit values for noise from the environmental authorities’ point of view is primarily to ensure that the
noise emitted during an event does not exceed legal limits for noise toward residential buildings.

Traditionally, Finnish authorities have set an A-weighted 5-minute equivalent level limit value (Lacq,smin) for the FOH
and/or nearby residential buildings’ facades and require that the organisers monitor, record and report noise measurement
results within a specified time frame. The process and resulting decision making varies greatly between regions and cities.

The A-weighting, which adjusts the sound pressure levels to reflect the sensitivity of the human ear, largely undermines
the loudness of the noise emitted by live music acts, where middle and low frequency sounds are prominent. Low
frequency noise also travels further, penetrates facade structures, and is often considered more annoying than other
frequencies.

We will discuss the limitations of the current decision-making process and infer the implications of different frequency
weightings for the noise limits of outdoor music events in an assessment to potential improve the current methods.

1 Introduction

Outdoor events in Finland do not have a uniform noise limit for compliance. When organising outdoor events, such as
music festivals which continue after 22.00, organisers are required to submit a notification of noise (meluilmoitus) to
inform the local environmental authorities, who then derives a formal decision with possible noise limits and mitigation
measures.

The purpose of limit values for noise from the environmental authorities’ point of view is primarily to ensure that the
noise emitted during an event does not exceed what could be considered “unreasonable noise exposure” for nearest
habitants.

Typically Finnish authorities set an A-weighted 5-minute equivalent level limit value (Lacqsmin) for the FOH (Front of
House/mixing booth) and/or nearby residential buildings’ facades and require that the organisers monitor, record and
report noise measurement results within a specified time frame. The process and resulting decisions vary greatly between
regions and cities.

The A-weighting, which adjusts the sound pressure levels to reflect the sensitivity of the human ear, largely undermines
the experienced loudness of the noise emitted by live music acts, where middle and low frequency sounds are prominent.
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Low frequency noise also travels further, penetrates fagade structures, and is often considered more annoying than other
frequencies.

We will discuss the limitations of the current decision-making process and infer the implications of different frequency
weightings for the noise limits of outdoor music events in an assessment to potential improve the current methods.

2 The Process

A local environmental authority is responsible for the handling of notifications of noise, as well as setting any potential
noise limits or other requirements for an event. There is no standard, nationwide approach to any part of the process,
which is loosely described in the environmental protection law [1]. This chapter will describe the different parts of the
process around managing noise at an outdoor music event, common practices, and brief anecdotal examples.

The typical timeline of the noise-related process in organising an outdoor music event is shown in figure 1.

Environmental authority

— Environmental noise expert

Env. authority requires a noise calculation |

Env. noise expert makes calculation |

Env. authority sets limits and conditions for event |

Env. noise expert measures noise |

Env. noise expert produces a measurement report |

Timeline

Env. authority evaluates results |

Figure 1. Typical timeline of environmental noise related things for an outdoor music event.

It should be noted, that while even cities’ own websites refer to the decision as a permit, it is in fact only a decision made
by the local environmental authority, which is published as a section of the meeting minutes which regards the event in
question. Still, this decision sets legal requirements for the limits and conditions, which event organisers must follow.
Failing to do so could be considered an environmental crime. Applying for an actual environmental permit is a lengthy
process, which would be too cumbersome for event organisers to follow through (and for the local environmental authority
to review) for events lasting only a few days at most, where an actual noise permit is meant for longstanding, more
permanent operations, such as industry.

For the sake of simplicity, the formal decision will in this paper be referred to as a permit, despite it not being entirely
accurate.

2.1 Notification of Noise

When organising an outdoor music event where music will be played after 22.00, the organiser must submit a notification
of noise to the local environmental authority. There is currently no nationwide standard approach or template for a
notification of noise submission. The information which is required to be presented in a notification of noise varies by
the city or municipality where the notification of noise is submitted and handled. The only distinct rule in the process is
that the notification must be submitted at least 30 days prior to the event [1].

In Helsinki and some other major Finnish cities, the standard approach for large outdoor music events has been to submit
report showing an estimate (noise model) of the noise emitted into the environment, as well as a measurement plan.

A noise model aims to calculate how the environmental noise will spread into the environment, and what the noise levels
would be in the affected areas. A model incorporates a 3-D terrain model of the environment (incl. buildings) with the
best available data or estimation of the noise source (SPL, directivity, spectrum).
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A common process for noise modelling is to utilise a file prepared by sound engineers using a simulation tool (e.g.
ArrayCalc from d&b audiotechnik) and import the settings into an environmental noise modelling software like NoizCalc
or CadnaA. Some modelling software employ different calculation methods, some of which allow for a more precise
parametrisation of the environmental conditions. However, as the precise weather conditions cannot be predicted several
months before the event, there is little benefit to using more complicated calculation methods particularly in event noise.
The comparison between noise calculation models has been ongoing discussion [2], and given the uncertainties regarding
event noise and repeatable weather conditions, a more detailed input does not always add value to the final result.

It is commonplace for noise calculations to be made under the assumption, that Lacq 75...80 dB should not be exceeded
at the facades of nearby residential buildings. The basis of this (mostly) unspoken rule will be discussed further in chapter
2.3. With Laeq 75...80 dB at facades being the limit in planning, noise models will be adjusted so that the SPL at FOH
will correspond to a level below Lacq 75...80 dB at facades. This gives FOH staff an upper limit to work with. It may also
be possible to change stage positioning or plan mitigative efforts beforehand.

A measurement plan is based on the noise modelling results, known noise-sensitive buildings (eg. residential, healthcare,
educational), previous events or measurements for similar events or the same venue/area, and guidelines from the local
environmental authority. Noise may also be measured in places, which represent an important location with adequate
accuracy, if the specific location proves logistically challenging. As an example of this, event noise from the highly
popular outdoor venue and former industrial plot Suvilahti has on the west side been measured on the roof of an office
building standing closer to the event area than the residential building, that the measurement result should represent. The
measurement point is more easily accessible and is technically a simpler measurement point (direct view of festival area,
few major reflections). A coarse level correction is calculated for the result to represent noise levels on a fagade further
away, and a reasonable margin of error is considered.

Environmental authority
[ Environmental noise expert |

NOISE MODEL
SPL on facades \
SPL outdoors \
Calculation report _* MEASUREMENT PLAN

Evaluation and setting limits
and conditions

Figure 2. The noise modelling and measurement planning process.

2.2 Permitting

Currently there is no nationwide standard approach to the permitting of outdoor events, or limits and requirements set to
the event organiser. Therefore, the permitting and setting limits depends entirely on the local authorities, and their
collective or individual knowledge on the matter of environmental noise.

The document by the authority contains the limits and conditions set for an event, and acts as permission to arrange an
event, when following the given conditions and limits. The permit also contains other conditions such as waste handling,
which concern an environmental authority, but only the noise-related attributes are presented in this paper.

Permission from a local environmental authority to organise an outdoor music event is, unsurprisingly, an environmental
permit. As such, failing to comply with any of the conditions of an environmental permit could be considered an
environmental crime. In the authors’ experience, event organisers have not been penalised for exceedances of set limits
or delays in required documentation. There are however cases, where some event organisers have faced trial for seemingly
failing to comply with limits and conditions set for an event. Despite the rigorous process of a court case, actual proven
exceedance has very rarely been proved to occur in the judges decision. In some cases the event organiser has simply
gotten away with an apology, slap on the wrist, or at most cancelling some future events. Out of discretion to the event
organisers, the authors will not publish the names involved in such cases.
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The city of Helsinki has set a limit on the number of days, when outdoor music events may continue until 24 or 01. These
days are typically budgeted for known areas or venues and, in some cases, with specific events in mind. Nonetheless,
each event must fulfil the process of notification of noise in due course. Events in areas or venues outside of those shown
in figure 3, are considered at a case-by-case basis.

Event days ending Event days ending
at 22-01 at 22-24

Kansalaistori and

Tool6nlahti 0 10

Park

Suvilahti 2 10

Olympic Stadium* 0 16

Kaisaniemi 0 7

Former Malmi Airport 2 7

Figure 3. Helsinki has a set number of event days, where the show may continue until 24 or 01 by location (Hel.fi).
*the number for the Olympic stadium is for music events only, not including sports events.

2.3 Limits and Conditions

Currently there is no nationwide standard approach to limits and conditions set for outdoor music events. The approach
may even vary depending on the specific location of the event, or the individual within the local authority handling the
permitting. Two very common outdoor music event locations in Helsinki, The Olympic stadium and the Suvilahti area,
have in the past been treated differently in terms of limits and conditions set for noise.

The Helsinki Olympic stadium, opened in 1938, hosts a major share of large concerts in Helsinki. The venue is situated
near some residential buildings to the west, as well as a collection of healthcare facilities to the north.

Rammstein played two concerts on consecutive days at the Olympic stadium in Helsinki, in 2023. The concert layout was
very typical for the Olympic stadium, with one main stage in the stadiums south end. In 2023, the following limits and
conditions (paraphrased) were set for the Rammstein concerts [3]:

1.

2.

Set times for using the PA-system, including one day for testing between 09.00 and 22.00, as well as two concert
days for testing and performing between 09.00 and 24.00.

Concert noise must be measured daily from 22.00 until the shows end. Measurements should be continuous and
supervised. A total of four measurement points (specified in document) in the nearby area were required, as well
as one measuring point at FOH. Measurements should be conducted according to YM 1/1995. Measurements
should be conducted using calibrated instruments, preferably class 1, but class 2 is acceptable.

The measuring party must be deemed competent by the Finnish Accreditation Service FINAS or certified by the
Finnish environment institute.

A measurement report should be submitted to the environmental authority within two weeks of the event. The
report should include the A-weighted 5-minute average levels LAeq,5min and spectrum of noise on the facades
from 22.00 until the show ends. The report should also include a list of measuring equipment used, exact
measuring locations and a detailed explanation of the weather, background noise, and the potential effects of
those on measurement results.

Noise mitigation efforts should be discussed with nearby healthcare and childcare/educational facilities’
managing staff.

Residents in nearby residential areas must be informed five days prior to the event, of the testing and show
schedule, and given a number to which feedback can be given during the event.

In recent years events at the Helsinki Olympic stadium have not been subject to any formal limits for noise, as shown in
the case of Rammstein 2023. Earlier, however, there has even been a limit of Lacg,smin 80 dB for noise on facades, the last
one being set in 2015 [4].
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The Suvilahti area in eastern central Helsinki hosts some of the largest Finnish festivals annually. The festival area is
surrounded by residential buildings in nearly every direction, including some residential towers reaching above 100
metres in height.

Flow festival is a three-day music festival with four outdoor stages, organised in the Suvilahti area. In 2023, the limits
and conditions were like those given for the Rammstein concert at the Olympic stadium, with an exception in the number
of days for testing and performances. However in 2022 and 2019, a limit of Lacqsmin 65dB was set for the time between
20.00 and 01.00, and in 2018 there was also a 75 dB limit for Lacq,smin On facades [5][6][7].

Measurement points specified in the noise permits are generally chosen based on the best available information regarding
the environmental noise propagation from the event area. The best available information would ideally be a measurement
plan, based on calculation results from an environmental noise model, as described in 2.1.

2.4 Measurements

Measurements are commonly required to be supervised. In addition to measurements where someone is physically present
in the measurement location, a commonly accepted method is setting up measurements for remote control and live value
reporting. Sound engineers may be given a direct link to view sound pressure levels, thus shifting the responsibility of
monitoring directly to a person with the ability to intervene if a noise limit is exceeded.

Some events do not impose limits or require supervision at all.

2.5 Reporting and Evaluation

The permit often includes some specific values to be presented in the measurement report. Regardless of these
requirements, the following values are commonly reported by companies producing accredited measurements:

- A-weighted 5-minute average level Lacq,smin for the entire duration of the measurements

- Unweighted frequency spectrum during concerts

- Weather conditions and a reasonable estimate of audible event noise vs background noise in the measurement
result

Depending on the conditions set in the permit, these values may be presented as measured, or with corrections to account
for any reflections or distance-related offsets between a measurement point and a noise sensitive receptor.

Measurement reports are typically the only objective source of information for environmental authorities to evaluate
whether conditions have been met and limits have been respected.

The city of Helsinki also collects feedback for outdoor music events in a residents’ survey, the results from which are
used to evaluate the subjective experiences of residents. The survey has been completed in both 2015 and 2018. The
results of this vast undertaking are used as feedback in the future decision making regarding events in the area, where
noise is one of the many aspects to be considered [8][9].

3  Legal Basis for Noise Limits

Noise limits exist primarily to protect individuals and communities from noise, which can cause disturbance or even have
negative health effects. There are various limits set for different types of noise, some of which specify a source, others
the type of noise heard, and others set only a general limit. Noise permits for outdoor music events do typically not
reference any limits, as such events are generally infrequent and may as such be considered outside of the context of some
noise legislation.

4  Shortcomings and Challenges

A lack of expertise within some environmental authorities is a major cause of the varying approaches to outdoor music
event noise and permitting for it. As there is no standard nationwide approach to any of it, the decision-making depends
entirely upon the individual working on the case. In the experience of the authors, variances in decision-making often
reflect the experience of the individual behind the decision and their possibly limited understanding of environmental
acoustics. This is understandable, as their expertise often lie in other fields of environmental assessment.
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Shortcomings in knowledge about environmental noise my also lead to environmental authorities not knowing what to
expect from a company doing noise measurements. While the Helsinki environmental authority typically sets
requirements for the competence of measurement staff (accredited measurements), some of the other large cities in
Finland do not yet set a similar condition or have only recently started to adopt the practice.

In order to make a well educated decision, it is important to understand event noise immission as a whole, including the
frequency spectrum. Measurement results (shown in chapter 5, figures 4 and 5) show that different musical performances
have some variance in the frequency spectrum. Some acts may be characterised as having a more prominent “low-end”
sound than others, and the trend is reinforced across some genres. The commonly used A-weighted limits do not make a
significant distinction between acts even when they vary greatly in the prominence low-frequency sounds. Thus, some
live acts may be unequally treated when noise limits are set with the A-weighting. This fundamental short-coming of the
current limit setting process can easily be overlooked by an unexperienced authority.

International touring crews are oftentimes used to widely varying practices, which may reflect a different approach to
environmental noise from outdoor events elsewhere in Europe or the world. Looser limits and little enforcement may also
lead to problematic attitudes and downplaying the importance of local rules and potential consequences to organisers.
The writers have first-hand experience of the following situations:

- Sound engineer for an internationally touring band insisting on monitoring Lacq,15min as opposed to the typical
Lacq,smin. Fundamentally the difference was irrelevant, as the noise level of the entire concert (t=2 h) was to be
monitored.

- Sound tech from a foreign PA and stage rental company struggling to believe they should keep the SPL at under
98 dB at FOH and 75 dB at facades (remote access noise monitoring at facades)

- Finnish sound engineers printing large “max SPL at FOH” labels in mixing booths, to ensure that international
crews are aware of limits imposed for noise. Finnish production teams often set their own limits at FOH, even if
one isn’t set in the noise permit. The limit often relates to a Lacqsn < 100 dB [10], but is usually more stringent
at for example Laeg,5min < 99 dB.

On the other hand, responsible sound technicians and production teams must be also acknowledged, whom understand
and respect the limitations set by environmental noise, and the possible repercussions of exceeding them. In recent years
they represent the majority.

5 Measurement results and experiences from the field

This chapter will present some measurement results from outdoor music events at the Helsinki Olympic stadium and the
Suvilahti area, as well as some further experiences from measurements, including personal subjective experiences, as well
as feedback heard from bystanders and residents of areas in the vicinity of concert and festival venues.

5.1 Olympic Stadium

Figure 4 shows a trend of a growing difference between measured SPL at FOH and measuring point: every data point is
the SPL measured at FOH deducted from the SPL at a measuring point near the Helsinki Olympic stadium. The data is
gathered from 29 different outdoor music events between 2007-2023. Measurement points 1-3 are located to the west of
the Stadium near the residential buildings, and points 4 and 5 are located to the north of the stadium, effectively in the
same direction where the PA is directed. Measurement points are shown in figure 5.

The figure displays a clear trend in the sound pressure level across the years becoming smaller in the northern
measurement points, where the PA is directed at. Some increase can be seen at measurement points 1 and 2, which are
slightly to the side of the PA but nonetheless closer to the PA.

Figure 6 shows a negative trend in measured SPL at FOH from outdoor music events at the Helsinki Olympic stadium
between 2007 and 2023.

The given values are all expressed in A-weighted results. It can be seen that over the years the A-weighted sound from
the concert has reduced in the direct line of the PA, meaning the music is “kept” where it’s wanted, i.e. the audience area.
It can also be seen that the A-weighted sound pressure level at FOH has generally reduced over the years. This can also
be interpreted to show that the PA systems are becoming more effective, in that the same audience area may also be
covered with a smaller sound pressure level at a given point. The noise leak which indicates an increase in emitted noise
levels show, however, that noise remains an issue in close proximity to the PA-system; a small gap in the outer wall of
the Stadium creates a clear view of the PA-system to the closest residential buildings, where noise levels have increased
slightly across the years.
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DIFFERENCE IN SOUND TRANSMITTED INTO THE ENVIRONMENT
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Figure 6. Measured sound pressure levels at FOH at the Helsinki Olympic stadium for 28 events between 2007 and 2023.
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5.2 Suvilahti

The previous figures were shown as A-weighted results, as is the norm in Finland.

Figures 7 shows the measured frequency spectrums of two concerts from different festivals in the Suvilahti area. The
levels are measured on a fagade in the direction of the main stage and have been corrected for a reflection (-3 dB) from
the wall behind.
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Figure 7. Measured frequency spectrum from a concert at a Metal festival in 2023, from 22.00 until 24.00 and a Pop/Alternative
festival in 2023 from 22.00 until 01.00.

The frequency spectrum of music genres can vary greatly. As the noise immission levels are in nearly all cases presented
and assessed as A-weighted levels, this proves the need for the conversation to extend beyond the A-weighted results.
The fact is, that A-weighting does not treat all music genres equally.

In event noise the base frequencies of 50 Hz and 63 Hz are often experienced as the most intrusive ones, as they penetrate
facades with relative ease, and room modes may even enhance them. With the case of Metal music the 50 Hz and 63 Hz
third octave bands are several decibels higher than they are in Pop music, however the A-weighted result is 3 dB smaller.

One of the major short comings of the current noise limit process is the rigidity of using A-weighted levels only in
assessing the noise levels in the environment. However, approaching a different or additional limiting value, such as C-
weighting, which would include the lower frequency to a much higher accuracy, should be approached with caution. As
has been previously stated, exceeding noise limits may even be considered an act of environmental criminality, so new
adjustments to the limits should be approached with care and caution in order to provide fair treatment for event producers
of all genres.

5.3 Subjective Experience, Feedback from the Field

In the authors’ experience, there are many other attributes to the sound of a musical act, which greatly affect the subjective
experience and annoyance in nearby residents. While EDM (Electronic Dance Music) is commonly spoken of as a very
controversial genre, surprisingly the percussive prominence by artists such as Ed Sheeran has been cited as a very
annoying attribute by residents living near the Helsinki Olympic stadium. Similarly, many metal acts have been well
accepted by residents living near the Helsinki Olympic Stadium and Suvilahti area, while some acts stand out due to
percussive prominence in their sound. This experience seems to correlate with acts that emulate a “power metal sound”
as well as prominent bass guitar and drum coordination.

6 Conclusions

The Finnish Environmental Protection Law lays out a loosely defined process for assessing and controlling temporary,
notable noise immission levels in the environment. Large outdoor events are considered as such. The process and the
resulting decisions made from it are suspect to the expertise and experience of the individuals involved in the decision
making — or lack thereof. There is no nationwide process of limit that should be adhered to; whereas this enables the
decisions to be made case-by-case, it also leaves some smaller municipalities to struggle with decision making regarding
event noise.
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The process of the handling of notifications of noise should be taken more seriously and a more unified approach across
the nation should be considered. The process should not be too rigid as to not take into account the nuances between
locations and the types of events.

Measurement data displays evidence, that noise immission levels are due to change in accordance with the technological
advancements; sound levels of the concert are now better aimed at the audience, and the noise immission levels are
showing a decrease outside the near field of the PA.

The process and noise limits adhere to A-weighted levels solely, which can be shown not to treat all genres equally. Music
genres with more elements of base may result in lower A-weighted levels, but still be considered more adverse by the
habitants in the area. However, any changes in the decision-making process and the resulting limitation should be
considered carefully and with sufficient data, in order to allow for fair treatment to all genres of event noise.
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The Danish building regulations specify Lacq <30 dB for ventilation noise in dwellings, both for new-build
and new systems in renovated housing. The test method referred to is based on the survey method ISO 10052.
In practice, many people get annoyed or disturbed by ventilation noise during night or when having quiet
activities. Several people complain about the noise, and some people change the operation of the MVHR
system or even destroy it. Due to dissatisfaction from occupants, it is considered reducing the regulatory
limit to Laeq < 25 dB in living and sleeping rooms, which is currently being tested in a voluntary
sustainability class (in Danish abbreviated FBK), including use of the engineering method ISO 16032 for
background noise correction as prescribed in the FBK guidelines.

However, even with a background noise correction specified, for both limits Laeq <30 dB and Laeq <25 dB, it’s
often a challenge to quantify the background noise from various activities or traffic noise in the rooms to
be tested. For that main reason, amended test procedures compensating for the shortcomings of the basic
test procedures are needed. One potential tool might be increasing temporarily the airflow during test,
implying much higher noise levels and thus less sensitivity to background noise, and then subsequently
adjust the noise level to fit the nominal air flow, before reporting.

The paper describes test results from a preliminary field test with increased air flow, summarizes
conclusions and indicates suggestions for a wider, future field study.

1 Introduction

During the latest decade, sustainability has got an increased focus and high ranking at the national agenda in most
countries in Europe. In Denmark, the National Strategy for Sustainable Construction was published in 2021 [1], and one
of the tools was a voluntary sustainability class, abbreviated FBK, published in 2020 [2]. FBK has nine topics, one of
them being FBK8 about ventilation noise in living and sleeping rooms in dwellings. The reasons for including FBK8 was
an increased focus on energy savings combined with a higher awareness on indoor air quality, and that MVHR ventilation
systems have been installed in a high number of dwellings, but unfortunately with many complaints about ventilation noise.

The Danish building regulations are found in [3] with acoustic requirements in Ch. 17 and acoustic limit values in the related
guideline [4]. For ventilation noise, the current limit is Laeq <30 dB in dwellings, and the FBKS limit is L acq <25 dB.

This paper focuses on field measurement of ventilation noise and especially on test of low noise levels.
The paper can be considered as a follow-up of conference papers from InterNoise2022 [5] and FA2023 [6].

2 Ventilation noise limits and test methods in building codes

Service equipment noise limits have existed for decades in building codes in many European countries. An overview of
current limits for selected countries in Europe is found in Section 2.1. Service equipment consists of many different
sources, ¢.g. heating, water supply, waste water, toilets, lifts and ventilation systems. Since this paper is initiated due to
discussions in Denmark about field tests of ventilation noise, especially for cases with limits below regulation, Section
2.2 specifies details about ventilation noise limits in Denmark according to Building Regulations and to FBKS.
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2.1 Ventilation noise limits in selected countries in Europe

Limit values for service equipment noise in selected countries in Europe are found in Table 1. References to measurement
methods are found in the building regulations or in the guidelines referred to in the regulations or in other national guidelines.
The ISO standards referred to for ventilation noise are typically ISO 10052 [7] and/or ISO 16032 [8], [9]. In several countries
additional methods apply for low-frequency noise and correction for pure tones, impulses and intermittent noise. Some
countries apply different limits and procedures for continuous sources, e.g. ventilation systems, and other sources with
changing noise emission during the operating cycle. For reverberation time measurements, the method [10] might be used
or, if ISO 10052 [7] is applied, according to the tables in [7]. It should be noted that the ISO standards are implemented
as EN standards and subsequently as national standards in CEN member countries.

Table 1: Overview service equipment noise limits for dwellings (habitable rooms) in selected countries in Europe. Table
copied from InterNoise2022 paper [5], Table 2. Note: Reference numbers in the table refer to the list of references in [5].

Acoustic regulations for HOUSING (1) - Service equipment noise - April 2022

Require- Fur-
Country| BR[| Test method ment @ [dB]| nished Comments

b 0 IS0 10052 and Lawe <30 _ |lfmeasured in a furnished room, +3 dB is added to the measured value.
enmark] [12] | DK guideiine [29] A = BR [12] refers to Class C in ACS [22] as the requirement for habitable rooms.
(3] National (LaeqT < 30) Not Levels for living rooms and bedrooms, for ventilation systems.

England| 114 procedure and | (LaeqT <49) specified Levels for kitchens and bathrooms.

Guideline [31] Limits are recommendations just for ventilation noise.
Laat < 35 Noise produced by individual heating or cooling systems.
Lt <30 Noise produced by mechanical ventilation systems
150 10052 and Luar <30 Not Noise produced by other equipment belonging to another dwelling.
France | [15] | FR Quideline [32] Luar< 30 specified Noise produced by collective building equipment, such as lifts, water pumps, bollers, etc
Leat = LasmaxnT. standardized to the reference reverberation fime (average of the
RT values for 500 Hz, 1000 Hz et 2000 Hz)
Note: Noise limits for living rooms and bedrooms. Limit for kitchens specified in [15]
taly | 16 1SO 10052 or L.<78 Equivalent SPL from service equipment with continuous operation.
(public) [17]I 1S0 16032 and na- L':; 33 + Maximum SPL from service equipment with discontinuous operation.
tional procedure [17] = Note: The descniptors are explained in [23].
Italy 1SO 10052 or Laeg <25 Not  [Equivalent SPL from service equipment with continuous operation.
(private) | [16] 180 16032 Lasmax < 35 | specified [Maximum SPL from service equipment with disconfinuous operation.
Lar<30 BR [18] refers to Class C in ACS [24] 5 dB higher sound levels are ok in kitchens,
Norway | [18] IS0 16032 L, :‘FA’T <) +  |WC, bathrooms, entrances efc
pam e In addition to the limits indicated, there are also LF-limits for octaves 31 5-125 Hz.
Larnr <217 For building services producing a continuous noise.
[, National Larnr <32 Not |For building services that works intermittently
Portugal [y | procedure 33 La-r<40 | specified |For an emergency power unit
Lar 7 = Laeq + corrections for background noise, tonal noise .
Lin<25 For bedrooms in dwellings. Limits for the night period, 23:00 — 7-00h. For the day and
evening periods, limits are: Lig Li. < 35
| 200, National Lka <30 Not  [For living rooms in dwellings. Limits for the night period, 23:00 — 7-00h. For the day
Spain (347 | Procedure [34] specified |and evening periods, limits are: Lig, Le. < 40
Limit value Lx = La e + corrections for background noise, tonal, impulsive and LF
noise
Lacanr <30 Limit for continuous noise in bedrooms during night-time, 23:00 - 07:00.
Turkey | 211 | o osss | Laesnr<35 |+ |Limitfor continuous noise in living areas, kitchen - during 24 hours.
LaF maxnT < 34 Limnit for intermittent noise:

(1) Overview information only. Detailed criteria and conditions are found in references
(2) Limits in (brackets) = Recommendation.

Since it is important to get reliable results, the test methods ISO 10052 and ISO 16032 have requirements for
instrumentation [11], [12], [13].

2.2 Ventilation noise limits in Denmark & test procedure

In DK, the building code guideline [4] refers to ISO 10052 [7] for measurement of service equipment noise, but for
ventilation noise (noise source in the room, where the measurement is made) is prescribed measurement in just one
microphone position for each source, cf. [14]. The microphone is placed as indicated in Figure 1, implying that noise from
the ventilation system is dominant — and noise from other parts of the room less dominant.

The Danish classification standard [15] for dwellings has six classes A-F for ventilation noise with limits starting with 20
dB in Class A and 5 dB steps between classes up to Class E. Class F has no limit. Minimum Class C with limit LAeq <
30 dB is required by the Danish regulations. However, since many people are disturbed by ventilation noise during sleep
and quiet activities, even if the building code requirement 30 dB is fulfilled, it has been considered to make the ventilation
noise limit 5 dB stricter to get quieter living rooms and bedrooms and thus create a healthier indoor climate.
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As a starting point, a voluntary sustainability class for ventilation noise in dwellings has been introduced in [2] with an
upper limit 25 dB, i.e. 5 dB stricter than regulations. The purpose is to test the feasibility of measuring and implementing
such 5 dB quieter ventilation systems and then later decide to make the limit mandatory if practice supports such step.

Since correction for background noise is not included in the ISO 10052 procedure [7], it is often difficult or impossible
to measure low levels of ventilation noise, even if the microphone position is quite close to the source and does not include
higher noise levels more far away from the source. In DK, it is considered either to switch to ISO 16032 [8], [9] (allowing
background noise correction) or update the national guideline [14], so correction for background noise can be made,
which the authors have previously tested, cf. [6]. However, it would be more optimal to revise the [SO standards aiming
at optimizing the procedure for ventilation noise measurements, including also specific microphone positions for such tests.

Microphone position 1 m from
wall immediately next to the
source and 1.5 m above the floor.

source, 1.5 m above
however, min. 0.75 m from walls.

Figure 1: Microphone positions for measurement of ventilation noise according to the national guideline
SBi 217 [14] in DK. Illustration copied from from InterNoise2022 paper [5] Fig. 2.

3 Overview obstacles for field tests of low levels of ventilation noise

According to consultants’ experiences from field measurements of ventilation noise, the two major obstacles are about
too high or disturbing background noise and about adjustment of operating conditions to be well-defined and correspon-
ding to the building code requirements for ventilation. The two test methods, ISO 10052 and ISO 16032, both have clauses
(8 and 10, respectively) specifying the required contents of test reports. Both methods request information about operating
conditions and background noise (in ISO 10052 just information, since correction is not done) — in addition to the usual
requested contents of field test reports about test object, rooms, address, operator etc. Field tests of ventilation noise have
become more complicated with automated control of the ventilation systems because description and adjustment of the
operating conditions might require a ventilation expert, who may need to be present during tests.

Several other issues are important as reflected in the requirements for the test reports. Correct measurements of ventilation
noise have several pitfalls, which less experienced operators may not be aware of, e.g.:

e Does the instrumentation meet the IEC criteria included in the normative references??

e Instrumentation capable of measuring low SPL and all relevant frequency bands with sufficient accuracy?

e Expertise of operator (test method, ventilation systems)
Calibration of test instruments.

Quality of test reports.

The challenges are relevant for test of ventilation noise for systems meeting the current noise limit — DS 490 Class C —
but become even more important for lower noise limits Lacq <25 dB like in FBK8. The FBKS8 limit is the same as in DS
490 [15] Class B. The challenges do also appear in other countries, and acoustic classes for ventilation noise are also
included in the international specification ISO/TS 19488 [16], which has ventilation noise class limits similar to DS 490.

4  Pilot test procedure for field test of ventilation noise

Test procedures compensating for the shortcomings of the basic test procedures for measurements of low sound pressure
levels are called for. One potential procedure might be to increase temporarily the airflow during the test, implying much
higher nose levels and thus less sensitivity to background noise, and then subsequently adjust the noise level to fit the
nominal air flow, before reporting. Below is described a potential new procedure, primarily supposed to be applied in
combination with ISO 10052 [7] and SBi 217 [14]. The procedure is ideal for a measurement system that enables
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measurements in two microphone positions simultaneously, but the method can also be used serially if the noise is stationary.
In that case, it is important to precisely mark the microphone positions so these can easily be found again. For example,
two microphone stands can be used, cf. Figure 2. The method requires the possibility of adjusting the ventilation setting
to increased air flow that provides a substantially higher SPL in the microphone positions. In the following, the procedure
is referred to as Pilot Test Procedure (PTP).

e Step 1: The measuring point defined in SBi 217 is marked so it can be found again — hereinafter referred to as MP1.

e Step 2: A new measuring point is marked approx. 25 cm from the ventilation exhaust opening in the direction towards
MP1. This new point is referred to as MP2 hereafter.

o Step 3: Adjust the ventilation system to operate in the setting with maximum air flow.

o Step 4: Perform a measurement in both microphone positions MP1 and MP2 and find the arithmetic difference between
the two spectra.

e Step 5: Perform a measurement in MP2 with the ventilation system being adjusted to a setting that fulfils the ventilation
requirements in the national regulations, in Denmark building regulations [3], Ch. 2 Ventilation.

e Step 6: The calculated difference in step 4 is subtracted from the noise level measured in step 5 which yields the new
measurement result.

Figure2: Microphone positions for pilot test 1 (25/1-2024) and 2 (21/3-2024).

5  Preliminary pilot study of field test procedure with increased air flow

In a pilot study, ventilation noise tests were conducted according to the procedure described in Section 4 with
measurements in two apartments over two days (25/1-2024 and (21/3-2024). The apartments were in a new multi-storey
housing (Akademivej 1E, 2800 Kongens Lyngby) known by KAB (building association). The upper limit for ventilation
noise was 30 dB as required in new-build (and not the lower FBKS limit, since that was not the goal). In the first pilot
test the noise level was measured with 3 different ventilation settings having different air flow rates. Unfortunately, no
background noise could be measured due to frequent external noise disturbances from various construction activities and
a time limited access to the apartment. Pilot test 1 was performed with a one-microphone system using a B&K type 4189
15” transducer (only_one microphone was used due to technical issues with cables and connections). In the second pilot
test the noise level was measured with 2 different ventilation settings having different airflow rates, and background noise
was also measured. Pilot test 2 was performed with a two-microphone system using B&K type 4144 1” transducers. Both
pilot tests were performed in the same building in apartments with identical layout (mirrored) and Dantherm HCC 360P2
ventilation units. All measurements were performed with a B&K type 2270 sound level meter and calibration made with
B&K Type 4231 calibrator. No reverberation time measurements were performed in either of the pilot tests since the rooms
were unfurnished corresponding to the condition for the Danish limit value. The setting with the highest air flow (and
highest noise level) is called Setting 4.
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Information about different ventilation settings is presented in Table 2. The results of the measurements are shown in
Figure 3, Figure 4 and Table 3.

In Figure 3, the directly measured results are shown. As can be seen, for pilot test 2 there were challenges with background
noise during the measurements, both as a general high level of background noise and as interrupting short term
background noise. For both pilot tests the difference between Setting 4 and Setting 2 is generally between 10-30
considering 1/3 frequency bands and more than > 25 dB for the total level. For pilot test 1 there is basically no difference
between the noise level for Setting 2 and 3 for frequencies higher than 800 Hz, and it is assumed that for these frequencies
what is measured is the background noise level. This hypothesis is supported by pilot test 2 where the background noise
level is identical with the noise level measured in Setting 2 for frequencies above 630 Hz.

Table 2: Ventilation settings of Dantherm HCC 360P2 unit.

Ventilation Description Other info
setting (VS)
VS1 Lowest airflow rate Noise levels were not measured
VS2 Automatic setting
VS3 Medium airflow rate
VsS4 Maximum airflow rate
60 60
——V54,MP2 = = V54, MP1 " ——VS4,MP2 = = VS4 MP1
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Figure 3: Measured background (BGN) and ventilation noise levels for different ventilation settings (VS) for pilot test 1 (on the left)
and 2 (on the right) in microphone positions MP1 and MP2. Brackets indicate repeated measurements.
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Figure 4: Ventilation noise levels in ventilation setting ““VS 2” in microphone position MP1 — measurements and calculations
according to the pilot test procedure (PTP) for pilot test 1 (on the left) and 2 (on the right). Brackets indicate repeated measurements.
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Figure 4 shows both the direct measurements and the calculated results according to the pilot test procedure, all for MP1.
The left side of the figure shows the results for pilot test 1, where a very good correlation between direct measurement
and calculated result with the pilot test procedure is seen below 400 Hz for the Setting 3, which is probably due to low or
no influence from background noise. A decent correlation between direct measurement and calculated result for Setting
2 is seen below 800 Hz, which is probably due to some influence from background noise. Above 630 Hz there is not
much correlation between direct measurement and calculated result, but this is also the frequency area where it is expected
that what is measured is primarily background noise.

The right side of the figure shows the results for pilot test 2, where for this measurement there is not much difference
between background noise and measured noise, and where the measured noise for frequencies below 800 Hz is lower for
pilot test 2 than for pilot test 1. Included on this figure is also the ISO 16032 background noise corrected level, where in
general the ISO 16032 background noise corrected level is lower than the calculated level with the pilot test procedure.

In Table 3 the total ventilation noise levels for the two case studies are listed, both as direct measurements and calculated
with the pilot test procedure (PTP), either based on 1/3 octave values or single number values. The results corrected for
background noise according to ISO 16032 are shown as well. When comparing the calculated results with the pilot test
method based on 1/3 octave band or based on single number, a difference between -1.1 dB to +2 dB is seen.

From the table, the following can be concluded:
e The calculated values are always lower than the measured values.

e The results corrected for background noise in 1/3 octave bands according to ISO 16032 are on the same level or
slightly lower than the results calculated with the pilot test procedure.

e The variation between the calculated results with the pilot test procedure based on 1/3 octave bands and single
numbers is too large, and the pilot test procedure based on 1/3 octave bands should be the preferred one.

Table 3: Total ventilation noise for frequency range 50 to 10 000 Hz in microphone position MP1 — measured, calculated
according to the PTP method in 1/3 octave bands, calculated according to the PTP method in single number values.
The results to be compared with limits are those in the column with heading Setting 2.

Ventilation settings in columns to the right Setting 4, Setting 3, Setting 2, BGN noise
Description of tests below: Laeq[dB] Laeq [dB] Laeq [dB] Laeq [dB]
Pilot test 1 (25/1-2024)

Measured 53.2 342 27.9

Calculated (PTP — 1/3 octave) 32.0 26.5

Calculated (PTP — single-no.) 34.0 275

Pilot test 2 (21/3-2024)

Measured 544 27.0 259
Calculated (PTP — 1/3 octave) 259

Calculated (PTP — single-no.) 24.8

Calculated (BGN-corr. 1/3 oct. ISO 16032 method) 24.8

Pilot test 2 repeated — See brackets below:

(Measured) 54.6 271 314
(Calculated (PTP — 1/3 octave)) 26.2

(Calculated (PTP — single-no.)) 25.3

(Calculated (BGN-corr. 1/3 oct. ISO 16032 method)) 249

The results from tests with the suggested procedure seem promising, but further studies are necessary since only two
pilot tests were possible in the pilot study. More investigations need to be done, including tests of other types of

ventilation systems.
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6  Summary, conclusions and recommendations

A pilot study consisting of ventilation noise tests in two new apartments have been carried out to evaluate the feasibility
of a suggested new procedure for measuring low noise levels from ventilation systems. The results from the pilot tests
with the suggested procedure seem promising, but further studies are necessary since there were just two pilot tests. More
investigations need to be done, including tests of other types of ventilation systems. The suggested procedure applies an
additional microphone position and the ventilation system adjusted to higher air flow levels, thus creating considerably
higher noise levels, and a subsequent adjustment to the normal air flow is made to get the ventilation noise level to be
compared with the limit value in the regulations or even lower limits, aiming at establishing less noisy living rooms.

According to consultants’ experiences from field measurements of ventilation noise, the two major obstacles are about
background noise and about operating conditions to be well-defined and corresponding to the building code requirements
for ventilation. Background noise correction is necessary for measurement of ventilation noise, especially for low levels.

Improved/innovative test procedures are needed for measurements of ventilation noise, especially for low noise levels
limits ~ 25 dB, but also for higher limits like e.g. 30 dB. In the pilot study was tested one new procedure with increased
air flow, which resulted in a ventilation noise level increased considerably, > 25 dB (broadband).

In the future, wider research studies could also include issues like instrumentation and applicability of both simple and
complex objective methods for adjustments for tonality, impulsivity and low frequency contents.

For more discussion of ventilation noise tests according to the ISO methods, see results from a previous case study in [6],
which also includes reverberation time measurements.

Other issues that could become relevant in practice are applicability and shortcomings of noise measurements with
smartphones, which some people consider acceptable for the field tests — probably because they are not aware of that
requirements for procedures and instrumentation in the ISO and IEC standards are not fulfilled.

Furthermore, it could be useful to make recordings of ventilation noise stimuli for demo purposes and future laboratory
listening tests.
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The past two decades have witnessed a dramatic rise in the number of green buildings in the construction
industry; green buildings are certified through rating schemes, such as BREEAM and LEED, which
consider acoustics part of Indoor Environmental Quality (IEQ). Although some studies have examined IEQ,
there has been no research conducted in this field in Finland.

This study evaluates the acoustics comfort of green office buildings by conducting a Post Occupancy
Evaluation (POE) survey for the acoustics comfort on seven office green buildings and two office
conventional buildings in Finland. Based on a literature review of earlier research, an online and paper-
form survey was distributed to the users of green buildings and conventional buildings. In addition,
acoustics measurements were collected from the investigated buildings. An analysis of the responses
demonstrated that users' satisfaction with acoustics comfort fluctuated within building categories regardless
of the building being either green or conventional and it acquiring or missing acoustics credits. The results
correspond to previous studies’ claims that acoustics comfort in green and conventional buildings is
approximately the same.

The survey indicates that personal and contextual variables influence acoustics comfort inside buildings
(such as age, gender, building tenure, work desk conditions, and visual privacy); specifically, gender and
visual privacy significantly impact acoustics comfort. Another finding is that acoustics measurements do
not correlate with the survey results. This demonstrates that there are other aspects (such as personal and
contextual variables) to consider for acoustics performance together with specified acoustics parameters by
authorities or organizations.

1 Introduction

This paper is based on the thesis study “Acoustics in green buildings” that was done in 2022 in the school of electrical
engineering at Aalto University [1].

Over the last twenty years, there has been a remarkable surge in the construction industry's adoption of green buildings.
This has been due to public awareness of adopting sustainability and sustainable practices for various reasons, such as
global warming, immigration and the resulting rapid growth of population, as well as eliminating environmental impacts
[2, 3]. Additionally, several studies have proposed that occupants of green buildings have a higher level of productivity
and satisfaction than those of conventional buildings [4]. The construction industry is considered a major energy
consumer contributing approximately 40% of the global total energy consumption, producing high carbon emissions,
greenhouse gases, and massive waste. Embracing sustainable practices will reduce these effects [1, 3].Green buildings
are certified using green buildings rating schemes, such as Leadership in Energy and Environmental Design (LEED) and
Building Research Establishment's Environmental Assessment Method (BREEAM), which can be defined as tools to
evaluate and encourage sustainable development. They also provide guidance and information on achieving sustainability
[5].

Indoor Environmental Quality (IEQ) is one of the essential criteria of the green buildings rating schemes, IEQ includes
indoor air quality, lighting and visual comfort, thermal comfort, acoustics, functionality, and aesthetics [3]. Recently,
considerable research has addressed the IEQ of green buildings, focusing on green buildings in the US and Asia. However,
few studies have focused on the acoustics performance of these buildings. Despite Finland being a global pioneer in
sustainability and green buildings [6], no studies have addressed the IEQ of green buildings in Finland. Therefore, this
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study aimed to evaluate the acoustics performance of green buildings in Finland and compare their acoustics performance
with conventional buildings in Finland. Additionally, this study investigated the impact of personal and contextual
variables on acoustics comfort as proposed in previous research [7]. It is accomplished by conducting Post Occupancy
Evaluation (POE) survey of acoustics comfort of green and conventional buildings in Finland, as well as collecting
acoustical measurements. The POE survey of IEQ is restricted to the acoustics performance of the buildings alone,
omitting other IEQ aspects, such as lighting, temperature, and others.

2 Post Occupancy Evaluation survey

Green buildings aim to seize building impacts on occupants’ health and that is evaluated using IEQ criteria. [EQ has been
investigated for several decades using POE surveys. Office buildings were specifically investigated more than other
buildings as they highly influence employee production [7].

There is a debate about green buildings, as to whether they provide a high level of wellbeing and satisfaction for their
occupants. POE surveys conducted by Montazami [8] showed that BREEAM green buildings have better acoustics
comfort, especially when considering acoustics in the early design stage. Conversely, Altomonte survey [9] showed a
lower level of acoustics comfort in BREEAM green buildings compared with conventional buildings. Additionally, other
POE surveys [9, 10, 11, 12, 13] reported that acoustics comfort is not improved or barely improved in green buildings.
Newsham [ 14] has supported the conclusion that acoustics comfort in conventional and green buildings are approximately
the same by conducting a POE survey supported with on-site measurements for IEQ categories in LEED green buildings
and conventional buildings.

However, one study focusing on IEQ perception and acoustics comfort suggested that acoustic comfort in office spaces
is influenced by acoustics parameters (such as sound insulation, noise levels, speech intelligibility, etc.) as well as many
other variables, such as personal variables and contextual variables [7]. Contextual variables include building automation,
office layout, workstation location, privacy, tasks, and duration of working hours. Personal variables include occupant
age, gender, social conditions, lifestyle, worker position, social status, etc.

3  POE survey in Finland

A POE survey [1] regarding the acoustics comfort of office users has been performed in selected green-certified office
buildings (BREEAM and LEED certification) and conventional office buildings in Finland. After studying green
buildings and the acoustics criteria in LEED and BREEAM buildings, the scope of this study was to investigate acoustics
comfort in five different buildings categories:

- BREEAM-certified buildings that have acoustics credits (BREEAM-AKU)

- BREEAM-certified buildings that have no acoustics credits (BREEAM-NO)

- LEED-certified buildings that have acoustics credits (LEED-AKU)

- LEED-certified buildings that have no acoustics credits (LEED-NO)

- Conventional Buildings, buildings with no green certification (CB)

Two buildings of each category have been investigated. Except for LEED-NO; only one building has been investigated.

The survey had 18 questions, including multiple choice questions and one open-ended question. The questions about
acoustics comfort are derived from previous research [ 14, 15], in addition to the input from the researcher. Some questions
were included in the survey to examine personal and contextual variables' influence on acoustics comfort, as Fasano
proposed [7]. The rating scale for the acoustics comfort questions was based on their level of satisfaction,

The survey was created using Webropol in English and Finnish. An online link and paper-form of the survey has been
published to the building users. The total number of responses to the survey was 297. 70 responses for BREEAM-AKU,
86 for BREEAM-NO, 50 responses for LEED-AKU, 18 responses for LEED-NO, and 73 responses for CB.

Acoustics measurements of the background noise level (L4¢,), reverberation time (7), and sound insulation of each office
space have been collected to determine whether the buildings achieve the applicable acoustics criteria. Measurement
results were analysed for meeting rooms and open offices. Acoustics measurements results of the meeting rooms and
open offices were averaged for each building category. Table 1 shows background noise level, reverberation time, and
sound insulation measurement results for each building category.
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Table 1: Acoustics measurement results for background noise level, reverberation time, and sound insulation for each
building category. The results marked in green fulfil their criteria, the results marked in yellow do not fulfil their criteria.

. Background noise Reverberation Time Sound insulation
Building level (L) dB (1) s dB
Category Meeting | Open Meeting Open Between Between
room office room office meeting meeting room
rooms and
corridor
BREEAM-AKU | 32 28 0,3 0,8 53 37
BREEAM-NO 35 28 0,6 0,4 55 38
LEED-AKU 28 33 0,7 0,7 44 37
LEED-NO 40 - 0,3 - 42 34
CB 35 - 0,4 - 44 -

4  Analysis

the survey responses have been used to compare acoustics comfort in green and conventional buildings in three different
ways. The complete sets of the results are found in the thesis [1].

The first comparison demonstrated the occupants’ responses of the acoustics satisfaction for the five main building
categories. The first thing to notice from the first analysis is that most of the users of all buildings categories are satisfied
with levels of noise from external sources.The results of this comparison revealed that satisfaction level varies between
questions within each category of buildings, occupants didn't consistently respond the same way. For example, 71% of
the users of BREEAM-NO buildings are satisfied with background noise levels compared to other building categories
users (see Figure 1). But when asking about acoustics quality and overall acoustics comfort, the users of BREEAM-NO
buildings were not as satisfied as other building categories.

Amount of background noise
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Figure 1: Background noise level satisfaction for building categories (first comparison).
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The second comparison categorized buildings in three building types: conventional buildings, green buildings with no
acoustics credits (Green-NO), and green buildings with acoustics credits (Green-AKU). Results showed that conventional
buildings users’ overall satisfaction with speech noise is 40%, which is higher than green buildings, regardless of whether
the buildings have acoustic credits (28%) or not (33%). Office building users reported a high level of dissatisfaction with
acoustics privacy for all building types: over 66% of all buildings categories are dissatisfied or very dissatisfied, see
Figure 2.

The acoustics privacy of workstation
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Figure 2: Acoustics privacy according to the second comparison

The third comparison was also between three building categories: conventional buildings, all BREEAM-certified
buildings and all LEED-certified buildings. The results of this comparison demonstrated the overall acoustics comfort in
Figure 3, users of the conventional buildings are less dissatisfied (22%) than the users of BREEAM (30%) or LEED
(36%).

The overall acocustics comfort
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Figure 3: Overall acoustics comfort according to the third comparison; conventional buildings’ users are more satisfied
than BREEAM and LEED buildings.
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The analysis of responses to survey questions about acoustics comfort based on building categories demonstrated that
users’ satisfaction with acoustics comfort varies among building category, regardless of whether the building is green or
conventional and its acquiring of acoustics credits or not. Also, there is no consistency in users’ responses within same
building category.

The survey included questions about building users' background and contextual variables to investigate Fasano’s
suggestion [7] that personal and contextual variables have influence on acoustics comfort. This analysis combined
responses for all building types and analysed them according to personal and contextual variables. The analysis results
found that age somewhat impact how building users perceive acoustics comfort, the youngest group was more satisfied
than the other age groups. A novel finding is that gender significantly influences acoustics comfort; male users were more
satisfied than female users. For example, 75% of male users are satisfied with background noise and only 53% of female
users are satisfied with background noise.

The results of the analysis of contextual variables indicated that in addition to gender, building tenure (period of using
the office premises) influences acoustics comfort: users with one to six months of tenure were more satisfied with overall
acoustics comfort compared to the users with over 2 years of tenure. Also, contextual variables related to workstation
conditions seem to influence the results. The users with designated working desks reported to be more satisfied with
acoustics quality than those who lacked designated desks.

The survey results indicates that visual privacy also has a significant impact on acoustics comfort. Responses
demonstrated that users who were pleased with their visual privacy were also satisfied with the overall acoustics comfort
(Figure 4).

The overall acoustics comfort (by visual privacy)
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Figure 4: The influence of visual privacy on overall acoustics comfort; high peaks for satisfaction with overall acoustics
comfort for the users who are pleased with their visual privacy

The data from this analysis contributes a clearer understanding of contextual and personal variables’ impact on acoustics
comfort.

The survey also included an open-ended question for further observations, 124 responses out of 297 commented about
the acoustics performance, the most reported issues for all building types were related to speech privacy issues followed
by room acoustics issues (Figure 5).

The survey considered the recent change in the working culture as a result of the COVID-19 pandemic; thus, the survey
included a question about users' acoustics comfort in their remote working place. 66% of the respondents are satisfied
with the acoustics comfort in their remote working place, whereas only 45% of respondents are satisfied with the acoustics
comfort of their office.
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Figure 5: Buildings users commented about the acoustics performance, the most reported issues for all building types
were related to speech privacy issues followed by room acoustics issues.

The goal of collecting acoustics measurement data for the buildings was to investigate whether certified green buildings
fulfil their acoustic criteria and whether the measurement results correlate with the survey results. The survey included
one question about satisfaction with background noise, the results from the question about satisfaction with background
noise were converted into a satisfaction rate by method described in detail in the thesis (see p. 65) [1] and compared to
the results collected from acoustics measurements in Figure 1. The finding is that acoustics measurements do not correlate
with the survey results as shown in Figure 6.
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Figure 6: Measured background noise level (in blue) and acoustics satisfaction rating (in yellow) for meeting rooms in
each building categories. The blue dashed lines refer to acoustic criteria of BREEAM, LEED, and YM
(Ympdristoministerion ohje rakennuksen dédniympéristostd).
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5 Conclusions

In this study, a POE survey results demonstrated that users’ satisfaction with acoustics comfort fluctuated within building
categories and questions regardless of the building being either green or conventional (within one building category,
occupants did not consistently respond the same way; hence no robust pattern or correlation was revealed). This
corresponds to previous studies’ claims [9, 10, 11, 12, 13, 14] that acoustics comfort in green and conventional buildings
are approximately the same. However, previous studies did not consider if the buildings investigated has acquired
acoustics credits, whereas this study considered acoustics credits when investigating green buildings.

Additionally, survey results (for a question about speech privacy and open-ended question) demonstrated a high level of
dissatisfaction with speech privacy in all building types.

This study suggested that personal and contextual variables influence users’ acoustic comfort. Specifically gender as this
study found that male users are significantly more satisfied with the acoustics comfort than female users. Additionally,
the study indicated a direct connection between visual privacy and acoustics comfort: users who are pleased with visual
privacy are more satisfied with the acoustics comfort.

A further finding of this study is that acoustics measurements results do not correlate with survey results. Accordingly, it
demonstrates that there are other considerations when evaluating acoustics performance in office buildings in addition to
the criteria for acoustics parameters specified by authorities or organizations. Other considerations include personal and
contextual variables, which shall be considered to achieve the best acoustics comfort for building users. This means that
designers need to consider office layout, workstation conditions, visual privacy, and working culture, which may affect
acoustics comfort and acoustics conditions when complying with BREEAM and LEED criteria.
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The second edition of the Finnish standard SFS 5907 on acoustical design and quality classes of buildings
was published in December 2022. Since the decree of the Ministry of the Environment on the Acoustic
Environment of Buildings was given in 2017, several sections and definitions of the first edition (2004) of
the standard had gone out of date. The classification system introduced in 2004 consisting of four acoustical
classes had also turned out to be too detailed. Thus, the second edition of the standard introduces a new
classification system consisting of three acoustical classes. Another major change is updating the single-
number quantities for sound insulation so that both the requirements for airborne and impact sound
insulation are now given as standardized values Dyrw and L’nrw + Cis0-2500. In the second edition, special
attention has been paid to the limiting values for railway induced vibration and ground-borne noise in
different buildings, like apartments, hospitals, schools, and office buildings.

1 Introduction

In Finland, the drawing up of the sound insulation requirements was first suggested in 1948, and some drafts were done
in the 1950’s and 1960’s [1]. However, the first official Finnish sound insulation regulations came into force not earlier
than in 1976. The regulations have been renewed in the years 1984 and 1998. During this period, the measurement
methods have remained the same excluding few differences in the reference curve methods. The requirements for airborne
sound insulation between rooms were given as weighted apparent sound reduction index R’y and for impact sound
insulation as weighted normalized impact sound pressure levels L’y [2].

The revision of the regulation in 1998 was significant: earlier, regulation concerned basically all building types except
theaters, cinemas and concert halls. Thus, there were requirements given as single-number quantities for apartments,
hotels, schools, offices, hospitals etc. [3]. In 1998, the regulation became functional. This meant that only requirements
for apartment buildings were given as single-number quantities. For other buildings, sufficiently good acoustic
environment was required. The acoustic environment had to correspond to the function of the building and room.

In couple of years after the revision had entered into force in the beginning of the year 2000, problems occurred especially
in schools and day-care centers [4]. A solution to these problems was publication of standard SFS 5907 Acoustic
Classification of Spaces in Buildings (2004) which complemented the regulations by presenting guidelines for schools,
day-care centers, hospitals, offices and industrial workplaces (Fig. 1) [4-5].
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New building acoustic regulation took effect in Finland in 2017 when the Decree of the Ministry of the Environment on
the Acoustic Environment of Buildings was given [3, 6]. Based on scientific results [7-9], the single-number quantities
were changed: the regulation is now based on weighted standardized level difference Dnrw concerning airborne sound
insulation and sum of weighted standardized impact sound pressure level and spectrum adaptation term L’n7w + Ci,50-2500
for impact sound insulation.

The revision of the Finnish regulation made necessary to revise the standard SFS 5907, too. A working group consisting
of the representatives of leading Finnish expert companies working in the field of acoustics was formed to carry out the
revision. The group led by Dr Mikko Kyllidinen as a chairman started its work in the beginning of 2021 and the revised
sta