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Abstract

The Master thesis investigates sound reflection patterns in studio and control rooms. Five
studio and control rooms from Sveriges Radio at Kanalhuset were chosen for this purpose.
Measurements and room acoustical calculations have been performed and will be com-
pared to each other. The results are analyzed by judging the agreement of calculation and
measurement as well as the studio quality.
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Notations

Abbreviation Description Unit
CEC Cumulative energy curve  dB
EDT Early decay time S
ETC Energy time curve dB

f Frequency Hz
FR Frequency response dB
IR, g(t) Impulse response Pa
t, T Time S
T20, T30 Reverberation times S
w Angular frequency rad/s
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1 Introduction

My interest for this topic came hand in hand with a course in room acoustics at Chalmers
where we competed in an American competition. The aim was to design a building that
housed a hotel, office and nightclub.

In order to get good acoustics in these various part of the building, I used the room acous-
tical calculation program "*CATT acoustics”™.

I wanted to study CATT more in detail and was interested how much correspondence you
would get in reality.
So, when choosing my topic I wanted to compare measurements and calculations.

Together with my supervisor Mendel, we chose to study studio and control rooms in the
Kanalhuset which houses the Swedish Radio.

Studio and control rooms are rather small rooms when compared to an opera or concert
hall. The calculation of such small rooms is often deviating more from measurements than
calculations for bigger rooms.

The thesis compares results from the measurement and calculation of the impulse response
of the rooms. The rooms are studied with the aspect of sound reflection patterns in the
rooms.

Studio and control rooms have often to fulfill two means: they should enable a sound
monitoring on a high level but also adapt the sound perception of a piece to a domestic
living room where then end customer sits.

The chosen rooms are judged upon their quality.

The thesis opens with a theoretical background on human sound perception including
psychoacoustic effects such as the Haas effect. The model of geometrical acoustics used
for the calculation is explained. Furthermore, a short background to the basic principle of
studio and control rooms is given.

In the method part, I introduce the studied rooms as well as the measurement and calcu-
lation principles.

The results are shown for all five studio and control rooms as a comparison between mea-
surement and calculation. They are later explained in the Discussion part.

The conclusion summarized the findings of my study and names some feedback that I
received during my thesis presentation.
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2 Theory

2.1 Human perception of sound

In the past, it was of vital importance for humans to know from which direction a sound
came from in order to be e.g. prepared for an attack. The procedure of analyzing where
the sound originates from is called localization.
For sound localization, two factors are considered to be most important: the interaural
time delay (ITD) between the two ears and the interaural level difference (ILD) created
by the interaction of the head and the ears [1].

Because of our anatomical position of the ears we perceive sound differently depending
on the angle of incidence. Sound is furthermore scattered by the torso, especially by the
shoulders.

In acoustics, it has been proven to be most practical to use a head-related coordinate
system (see figure 1). The horizontal plane is located at the height of the ear canal and
the vertical plan is centered at the axis of the entrance of the ear canal.

Front
=0°
8 =i0°

Horizontal plane Interaural axis

Figure 1: Head-realted coordinate system [1]

When sound is originated to the left of the head, it arrives around 1 ms earlier at the
left than at right ear (ITD). Hereby, the mid and high frequency components (which have
shorter wavelengths) are shielded off by the head so that they are perceived less loud at
the right ear (ILD).

The ILD is much frequency dependent since the lower frequencies with long wavelengths
bend around the head whereas shorter wavelengths are reflected. For frequencies above 2
kHz, the ILD improves our ability to locate sources in the horizontal plane. For frequencies
that have a wavelength that is shorter than the diameter of the head, the ILD can become
very large, reaching more than 20 dB.
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At frequencies below 1 kHz, it is the ITD which is dominant for localization using the
phase difference between the sounds at our ears.

Often, we adjust our head by small movements if we have difficulties in determining the
location of the sound source.

The apparent direction of a sound that is originated by two loudspeakers can be changed
by adjusting the level or the delay of one of the loudspeakers. In the early days, loud-
speakers were often placed in a 90° angle [2]. Nowadays, a 60° angle placement is preferred
because the error in the perceived sound direction decreases significantly. This can be ex-
plained by the brain’s weak ability to judge time delays in the vertical plane (is that true?).

Humans are able to localize a sound event at a direction that is different from the true
sound location. This is most obvious with headphones. Though the true sound is origi-
nated directly at the ears, we perceive the sound coming from outside or even from inside
the head.

Loud speech is perceived as more distant whereas whispering is always associated to short
distances [1]. This special perception though is related to cognition. We are used to shout
if we are far away. Thus if we hear someone shouting, we automatically assume that the
true sound source is distant.

As for headphones, the true distance for loudspeaker playback (the distance between loud-
speaker and listener) often does not correspond to the perceived distance [1]. A recorded
orchestra e.g. has many instruments and the loudspeakers can impossibly represent all
instrument locations at all time.

Furthermore, recording of an orchestra is done by using several microphones that cap-
ture several instruments at the same time. Hence, when played back, each loudspeaker
reproduces several instruments.
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2.2 Haas effect

Additionally to the described anatomical and acoustical processes that allow our ears to
localize a sound source, one should not neglect the psychoacoustical effects.

One of the most important ones is the precedence effect.

The precedence effect is based on the law of the first wave front which was defined by
Cremer in 1948 [3].

Two loudspeakers were placed 90° apart from each other and sent out a non-periodic,
coherent signal. The listener, facing the loudspeakers, sat at a 3 m distance on the median
line of the loudspeakers. When both sources radiated at the same time and same level,
the sound event appeared to be just in front of the listener. If one of the loudspeakers was
then delayed, the sound event shifted location towards the earlier radiating loudspeaker.

In 1949 Wallach extended the law of the first wave front to the precedence effect [2]. The
precedence effect tells us that humans are able to localize a sound source based on the
first arriving sound if the second is present within a certain delay range. This delay range
is much signal dependent. For speech the two sound sources merge for a delay time below
50 ms, for music below 100 ms. If the second sound arrives later, two distinct sounds are
heard, refered to as echo.

In 1951, Haas added further information to the law of the first wave front or precedence
effect [4]. As Haas effect is known that the precedence effect is even true if the second
sound has an increased level of 10 dB. Although then, the delay range decreases to 10 ms
for speech and 30 ms for music.

All three linked effects are used in sound reinforcement systems in bigger rooms. If a
sound originates from a stage, it can be amplified and projected to an audience. If the
sound from e.g. a front loudspeaker is delayed in the above mentioned range and does
not exceed 10 dB amplification, the image still appears to come from the performer. This
works also for sound enhancement for distant locations.

2.3 Geometrical acoustics

The principle of geometrical acoustics is often used to predict a room’s properties before
building it. This is enabled by computer modeling.

Geometrical acoustics is based on a well know principle that was defined by Fermat (1601-
1665): the sound propagates always on the fastest way from to receiver. In rooms, the
medium air is homogenous and hence has the same propagation speed. This means that
the fastest way is also the shortest way [3]. This corresponds to a straight line between
source and receiver.
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The basic principle of geometrical acoustics is to decompose the sound energy from the
source into straight sound rays that propagate in all directions.

When these sound rays hit a reflective surface, they spread into new sound rays that can
propagate back to the source. This is called reflection [3].

The process of reflection follows similar laws as know from optics [5]. When reflected the
ray stays in the plane from the incident ray and is reflected half by the normal to the wall.
The incident angle corresponds to the outgoing angle which is characterized as a specular
reflection. Consequently, a ray that is reflected in a corner (double reflection) travels back
in the same direction as the incident ray.

This gives rise to the principle of image sources. The reflected ray is thought of as coming
from an image source which is located mirrored to the original source (or behind the re-
flective boundary). Once knowing the image source, this boundary can be omitted in the
model and is replaced by the image source.

Image sources can be applied for first order reflections but also for higher order reflections
which are image sources of the previous image source. A rectangular room can in this way
be replaced by the following model:

y /7

7N

7

Figure 2: Image sources of a rectangular room [5]
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Usually, a boundary is not purely reflective. A part of energy that strikes a boundary
is absorbed. Absorption corresponds to an energy loss that is transformed into heat in
most cases. This fraction of energy which is not reflected is specified by the absorption
coeflicient. The absorption coefficient usually depends on the angle of incidence and on
the frequencies.

All sound rays that propagate in a room will multiply reflect on room boundaries until
they hit a purely absorbing surface. Even if there is no purely absorbing surface in a room,
the carried energy becomes vanishingly small as the rays loose their energy is gradually
on the path.

All these principles are used to calculate the propagation of sound in a room. All rays
travel different distances so they will arrive at the receiver position with different arrival
time and strength. In order to obtain, the signal at the receiver position the sound pres-
sures of all contributions are added. Interference is not considered in room acoustics. Thus
the rays are incoherent to each other.

If the absorption coefficient of a boundary is frequency independent, the received signal
s’(t) is the superposition of infinitely many image sources with their particular strength
A, and delayed by their particular travelling time t,:

1) )= Ans(t —t,)

The impulse response serves as a tool to study reflections and reverberation in a room. It
is the result of the time the sound needs to travel from the sound source to the room’s
boundaries and finally to the receiver [1]. It is then defined as [5]:

(2) g(t) = Z Apd(t —ty)

In reality, the Dirac impulse will be changed slightly when reflected from a boundary and
s not the exact copy of the original impulse. The Fourier transform of this signal is the
reflection factor R.

Finally, we should respect that reflections are not only specularly reflected from bound-
aries. Diffusive boundaries split the sound rays into several new sound rays with randomly
new directions that are independent of the incident angle. This results in a more uniform
sound energy distribution in the room.
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The model of geometrical acoustics is approximated by the following aspects [1], [5]:

- sources and receivers are small and their position can be interchanged

- all surfaces are plane and rigid and have dimensions that are much larger than the wave-
length

- sources are unaffected by their surroundings

- source signals are assumed to be a short pulse

- only partially diffuse reflections can be achieved

- diffraction and interference are not considered.

In the past decades, the Schroder frequency is defined as the lower limit where geometrical
acoustics is applicable [6]. In 1954 Schroder considered this frequency to be a limit between
the lower frequencies with little modal overlap and the higher frequencies with strong
modal overlap. The Schroder frequency is defined as:

T
3) fs= 2000\/;

The limitations to the model of geometrical acoustics will cause that real room measure-
ments will show deviations from the calculations. Nevertheless, geometrical acoustics is a
powerful tool in analyzing reflections in a sufficient way [1].

2.4 Basic principles of studio and control rooms

Studio and control rooms are used to record music or speech and bring it to an end cus-
tomer. This implies that the design of the rooms needs to find a fine balance between
enabling monitoring on a high quality level but also representing the sound perception in
a domestic living room.

The first studio and control room raise with the invention of the radio that brought music
to everyone’s home. Local rooms were used which resulted in complaints that it was heard
to listen to the actual content because of background noise. Hence, the performers were
isolated in soundproof rooms to omit disturbances.

Studio and control rooms developed much in the beginning of the 20th century. It was
mainly professionals that recorded for music and film with a high degree of sophistication
[7].

Often, the control room was a smaller room adjacent to the studio with no special treat-
ment [8].

The appearance of studio and control rooms boomed with the introduction of stereo record-
ings in the mid fifties. This new recording technique made the room very important as
you need symmetry along the median plan to keep the stereo picture stable.
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A new generation of studio and control rooms was needed.

One of the major designers of that time was Tom Hidley [8]. According to Voetmann,
Hidley has expressed his thoughts in an interview where he remembers his time working
as a sound engineer in Hollywood. Between sessions, the crew was taking breaks on the
roof of the building where they had installed a set of professional monitor loudspeakers
and listened to music. For Hidley, these loudspeakers were the best sounding loudspeakers
he heard, playing in an open hemisphere. His design motivation in studio and control

rooms was to recreate this sound.

In reality, it is impossible to realize this kind of semi-anechoic room with zero reverberation
time and only one reflecting surface due to size limitations. Also, the sound perception
would be unrepresentative for people’s living rooms which is the main customer.

Hidley realized his studio and control rooms with the following features instead [8]:
high degree of symmetry along a median plane

no reflections from the back wall or ceiling
monitor loudspeakers built into and flush mount with the front wall

short reverberation time of control room down to low frequencies

Early designs of Hidley included a reflective element that hung above the mixing console.
These early reflections were recommended by the designer but never explained. In later de-
signs, this detail was omitted and instead the front part of the room was mostly absorptive.

He adapted to the up-come of a new type of control room: the LEDE . Chips and Don
Davis introduced the Live End Dead End in 1979. In contradiction to the design of previ-
ous control rooms, the front wall should be as non-reflective as possible. In this way, the
listener should only here the direct sound from the loudspeaker.

As a too dry room was not desirable, reflections were needed but should not be specular
as they could cause coloration. Chips and Don Davis concluded that reflections should
originate from the back wall and be diffuse.

The concept of the LEDE required a minimum size of the room so that there is a sufficient
delay of the arrival time of early reflections at the listener which is related to the Haas

effect 2.2.

The principle of LEDE was further extended and resulted in the design of control rooms
with a reflection free zone .

These control rooms are purely geometrically designed. The front wall and ceiling was
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designed in a way that reflections pass around the mixing area. The listener would only
perceive the direct sound from the loudspeakers. This approach is only valid for high
frequencies which works for stereo recording as it is mainly related to a frequency range
between 500 Hz to 5 kHz.

Studio technicians discussed an important problem: the recording on a vinyl, tape or
other media that was passed between technicians for further editing sounded differently
depending on the control room they were sitting having similar design concept. The room
was leaving a foot print on the sound perception of the recording.

Hence, a new concept of control rooms raised: the Non-environment control room. This
control room was supposed to be a neutral room where you listen to the pure sound coming
from the loudspeakers. All room boundaries apart from the front wall and the floor were
made nearly totally sound absorbing.

In this way, the sonic characteristics of recordings was preserved better when taking it
from one non-environment to the other.

However, research shows that people need real rooms and experience discomfort in dead
rooms.

In the last decades, recording material with good quality became available for everyone

which gave rise to small domestic studios [7]. Much recording is now software based and
the use of headphones for example reduces the importance of the room.
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3 Method

As presented in the introduction, one aim of the thesis is to compare measurement and
calculation of different studios.

Firstly, the chosen control and studio rooms are presented and described. The second
part describes the measurement procedure and the third part focuses on the calculation
description.

The parameters that are analyzed in the thesis are defined in the last part.

3.1 Rooms under study

On April 3rd 2013, I visited the Kanalhuset which contains Sveriges Radio och SVT to-
gether with Mendel Kleiner and Jan-Inge Gustavsson.

In agreement with both, we chose five studio and control rooms in total that seemed most
interesting. Some studios were chosen because sound technicians working in them are
satisfied and some because they are disliked.

These five rooms consists of two control rooms (category I) and three combined studio
and control rooms for broadcast purposes. Two of the latter can be used in three ways
(category II): as a control room, as a studio room or as a studio room where the program
presenter is handling the broadcast alone. The last room is a studio room where the pro-
gram presenter controls the broadcast alone (category III).

The following table lists the five rooms and their usage.

Room Special property Category
Studio 12 LEDE 1
Studio LLB 15 | Surround sound TV I
Studio 42 - 1I
Studio 32 - 1I
Studio 31 - 111

Table 1: Rooms under study
The first two control rooms were chosen because of their special acoustic design. Studio
42 and 32 are interesting because of their multiple use. Studio 31 was chosen because we

were told that the sound technicians are not satisfied with the acoustics in this studio.

In the following subsections, the studios are described more detailed.
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3.1.1 Studio 12 - LEDE

Studio 12 is a LEDE - Live End Dead End control room. The basic principles of a LEDE
are described in subsection 2.4.

The following figure shows a panoramic view of Studio 12.

Figure 3: panoramic view Studio 12 - LEDE. Photo: Marco Verdi [12].

As characteristic for a LEDE, Studio 12 has a front part which is mostly absorptive and
a back part which is mainly diffusing.

Absorption is provided by Ecophon Akusto on top of 45 mm mineral wool on walls and
Ecophon Master alpha 40 mm on ceiling.

Diffusion is enabled by diffuser AD40, Svana miljoteknik, which provides lateral diffusion
in the room. This diffuser is diffusing in the frequency range 1 - 16 kHz.

A quite big part of the back wall i covered by wooden panels which are Helmholtz res-
onators tuned for max 160 Hz.

The floor is made of wood.

The room includes a big tilted window and two smaller windows which are tilted likewise.
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3.1.2 Studio LLB 15 - Surround sound TV

Studio LLB 15 is used as a control room for surround sound in TV productions. The room
has a special shape and treatment of the back wall.

The following figure shows a panoramic view of Studio LLB 15.

Figure 4: panoramic view Studio LLB 15 - Surround sound TV. Photo: Marco Verdi [12].

Studio LLB 15 borrows some characteristics of a LEDE. The front walls are absorptive,
the ceiling above the first mixing table is absorptive as well. Walls around the back loud-
speakers are completely clothed with Ecophon Wall Panel 40 mm on 45 mm mineral wool.

Diffusers of type AD 40, Svana miljoteknik, are placed above the doors. The back side
walls are covered by Diffusers of type AD 40, likewise the tilted ceiling in the back of the
room.

The most special characteristic of this room is the back wall which is covered with a math-
ematical QRD diffuser (see subsection from Svana miljéteknik called Golden Horn. This
diffuser is diffusing in the frequency range 800 Hz - 16 kHz.

The property of such a mathematical diffuser is to scatter energy randomly. The cavities
have different depth which alternates according to a mathematical sequence. In this way,
the room is provided with a very smooth reverberation.

Studio LLB 15 has a wooden floor.

The use of Helmholtz resonators can be expected but information is not provided.
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3.1.3 Studio 42

Studio 42 ca be used in three ways (see table 1).

The following figure shows a panoramic view of Studio 42.

Figure 5: panoramic view Studio 42. Photo: Marco Verdi [12].
The room has several windows which are surrounded by Ecophon Wall Panel 40 mm on
45 mm mineral wool. The three biggest windows are tilted.
A diffuser of type AD 40 is placed between the two smaller windows and in the back of
the mixing table (to the right of one tilted window).

The upper 0.6 m are covered with Ecophon Wall Panel 40 mm on 45 mm mineral wool
above windows and Helmholtz resonators (cite Westbrandt) above the remaining elements.

Studio 42 has a carpet on the floor.
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3.1.4 Studio 32

As the previous studio, Studio 32 ca be used in three ways (see table 1).

The following figure shows a panoramic view of Studio 32.

Figure 6: panoramic view Studio 32. Photo: Marco Verdi [12].

This studio has two big glass walls. The windows next to the glass door are not tilted.
The three big windows across are tilted.

Both the left and right wall are covered with Ecophon Wall Panel 40 mm on 45 mm min-
eral wool.

Helmholtz resonators are probably installed above the left wall and the three big windows
but concrete information is not available.

The ceiling is straight and 30 cm lower in the entry part. The material used for the ceiling

is Ecophon Master alpha 40 mm.
The floor is covered with a carpet.
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3.1.5 Studio 31

Studio 31 is a studio room where the program presenter controls the broadcast alone.

The following figure shows a panoramic view of Studio 31.

Figure 7: panoramic view Studio 31. Photo: Marco Verdi [12].
Studio 31 includes big window areas. It has a glassed door and three big window towards
the open office, a glass facade and three windows towards the corridor. Approximately 55

% of the walls area is glass.

The majority remaining part of walls is covered by Ecophon Wall Panel 40 mm on 45 mm
mineral wool.

Helmholtz resonators are probably installed above the windows next to the door and above
the back wall. Again, no information is provided at this state.

The ceiling is straight and 30 cm lower in the entry part. The material used for the ceiling
is Ecophon Master alpha 40 mm.

The floor is covered with a carpet.
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3.2 Measurement
3.2.1 Measurement equipment and setup

The following equipment has been used during the measurements:

1 | Laptop HP with Easera software

Sound interface Lexicon Omega

3 | Loudspeaker Dynamic Acoustics BM 15 A in studio 12 - LEDE
Loudspeaker Genelec 1038 A in surround studio

Loudspeaker JBL Eon 10 G2

4 | Measurement microphone Briiel & Kjaer

5 | Power supplier Briiel & Kjaer 2804

Table 2: Measurement equipment

The following figure shows the measurement setup that was used in the studio.

Figure 8: Measurement setup

The measurement signal used for the measurements of impulse responses in the five studio
and control rooms was a weighted sweep over 10 averages. The background noise was very
low in the studios. The signal to noise ratio has been adapted for each studio individually
in order to reach SNR > 40 dB.

16 16 CHALMERS, Master’s Thesis 2014:107



3.2.2 Loudspeaker and microphone positions

The following figures show the loudspeaker and microphone positions in the five studio and
control rooms. The microphone position is always placed at the listener position at the
listeners ear height. This means 1.2 m for seating position and 1.6 m for standing position.

In studio 12 (LEDE) and the surround studio, I used the monitors for the measurement.
For the other studios, the loudspeaker was placed on the floor and angled towards the
listening position.
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Figure 9: Microphone and loudspeaker positions in studio 12 - LEDE (left) and surround
studio (right). Original drawing by Arkitekterna Krook & Tjider AB Goteborg
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Figure 10: Microphone and loudspeaker positions in studio 42 (left) and 32 (right). Orig-
inal drawing by Arkitekterna Krook & Tjider AB Géteborg
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Figure 11: Microphone and loudspeaker positions in studio 31. Original drawing by
Arkitekterna Krook & Tjiader AB Goéteborg
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3.3 Calculation
3.3.1 Basic principle

The calculation is performed with the room acoustical program CATT (acronym for Com-
puter Aided Theater Technique).
This program uses geometrical acoustics (see subsection 2.3) which means ray tracing.

The software allows the user to specify absorption and scattering coefficients for different
materials. These coefficients are stated as octave band values. In literature, absorption
and diffusion coefficients are mostly stated from 125 Hz to 4 kHz.

The source is defined by its directivity information and frequency response.

The calculations in CATT are made for the octave bands 125 to 16 kHz. If no data is
available for 8 and 16 kHz, theses values are extrapolated from 2 and 4 kHz.

CATT calculates the Schroder frequency (see subsection 2.3) in order to estimate from
which octave band geometrical acoustics is valid. In the CATT manual [10] it is stated that
this limit is estimated too low. Instead it is suggested that geometrical acoustics works well
from a limit of 4f; which matches experience from modeling small rooms. Additionally,
he states that for small rooms such as control rooms and studios typically only the upper
octaves 1,2 and 4 kHz will be well predicted

The calculation values for EDT, T20 and T30 from CATT are extracted for the pressure
values (h). CATT gives also energy related calculation results (E). For receiver positions
close to the source, the h- and E-based values will differ since EDT uses a straight line
curve fit between 0 and -10 dB. But in reality the very early decay can be far from linear.

For the calculation of the rooms, I used algorithm 1 with a max split order of 2. This means
that for 2 order reflections or lower, the diffuse and specular reflections are deterministic.
For higher order reflections the reflections are determined randomly from the scattering
coefficients [11]. Algorithm 2 and 3 use deterministic diffuse ray split-up also for higher
orders. This means that each ray that hits a diffusing surface gives rise to many new
rays. Algorithm 2 and 3 are mainly used for cases where there is risk for late reflections
or flutter echoes, in outdoor situations or open rooms. As the focus of this Master thesis
lies on the early reflections, I chose algorithm 1.
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3.3.2 Room models

The following figures show the room models which are implemented in CATT. The same
source and receiver positions as for the measurements are chosen.

Figure 12: Calculation model in two views of studio 12 - LEDE

Figure 13: Calculation model in two views of surround studio
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Figure 16: Calculation model in two views of studio 31
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3.4 Analyzed parameters
3.4.1 Impulse response

The impulse response is the basis of all measures that are studied in the five studio and
control rooms.

The IR of a system is defined as the output when a perfect pulse (delta function) is emitted.
The impulse response is the Fourier transform of the transfer function [5].

(4) g(t) = /OO puwexp(iwt)dw

—00
3.4.2 EDT

The reverberation time of a room is the time the sound needs to decay by 60 dB [9] and
was introduced by Sabine.

The early decay time is extrapolated from a straight line drawn through 0 dB and -10 dB
points The figure is then multiplied by six.

t_10—to
0dB — (—10dB)

(5) EDT = 60dB

The early part of reverberation curves is defined by the difference in level from the direct
sound and the appearance in time of early reflections. Hence, EDT is varying much and
is rather a local parameter.

3.4.3 T20
T20 is evaluated between -5 dB and -25 dB.

tos —1—5

(6) T20=60dB— > 25E)

3.4.4 T30
T30 is evaluated between -5 dB and -35 dB.

t35 —t_5
—5dB — (—35dB)

(7) T30 =60dB

3.4.5 Energy time curve

The Energy Time Curve ETC (Log-Squared) shows the energy decrease over time, where
the individual samples are squared and then plotted on a logarithmic scale.

(8) ETC = 10logiog(t)*
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3.4.6 Cumulative energy curve

Kutruff [5] defines the cumulative energy curve as the following ratio:

() cpe = Jol9®"ltdt

Jo lg()m| dt

3.4.7 Frequency response

The frequency response of a continuous system is the Fourier transformation of the impulse
response.

(10) G(w) = / T et

—0

The frequency response is smoothed to 1/48 octave for the measurements.
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4 Results

In this section, the results from measurements and calculations with CATT are presented

for the five chosen studios. The results are always displayed as a comparison pair.
The results are described for each loudspeaker position in each room.
A deeper analysis is written in the Discussion section 5

4.1 Studio 12 - LEDE

In the LEDE (Studio 12) the measurement and calculation were performed with two
monitors (see section 3). The results are presented with the parameters described in

section 3.4.

4.1.1 EDT, T20 and T30

The following figures show the EDT, T20 and T30 of the two monitors.
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Figure 17: EDT, T20 and T30 [s] left
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Figure 18: EDT, T20 and T30 [s] right monitor A2 in LEDE
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When looking at the two figures, it can be noticed that the measured and calculated 120
and T30 values correspond better than the EDT.

The EDT differs considerably between measurement and calculation and between the two
monitors.

For the left monitor A1, the curves correspond for octave bands 125 and 250 Hz. There-
after the calculated EDT increases steeper compared to the likewise increasing measured
EDT.

The right monitor does not give corresponding results in any frequency. Whereas the EDT
by measurement is flat, the calculation gives an increasing slope.

As for T20 and T30,the calculated values are in average 0.1 s higher than the measured
T20 and T30.

The measured curves for both monitors are flat in frequency. The calculated values for
T20 and T30 differ slightly more in frequency. The octave band 250 Hz is shortest for
both monitors and both T20 and T30, the octave band 2000 Hz is longest. The difference
between the shortest and longest calculated reverberation time in respect with frequency
is 0.1 s.

In general, T20 and T30 correspond well in pattern between measurement and calculation
as all curves are pretty flat.
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4.1.2 Impulse response

The following figures show the impulse response in mPa (measured) and relative 1 m on
axis (calculated) for the first 20 ms after the direct sound. The figures are grouped as a

comparison of measurement and calculation

The following figures show the impulse response for the first 20 ms with the left monitor
in the LEDE control room.
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Figure 19: Impulse response for left monitor Al in LEDE. Top graph presents the measured
IR [mPal, the lower graph the calculated IR.

For the measurement with the left monitor, there are two reflections after 0,5 ms and
around 1 ms only. In the calculated IR, there is a very strong reflection after 0,5 ms.
The measured IR includes a less distinct reflection at around 5,5 ms and has a correspond-
ing reflection in the calculated IR. The most distinct reflection appears at 14 ms in the
measured IR.

The most distinct reflection in the calculated IR appears at around 17,5 ms instead.

It can be seen that the measured IR contains negative pressure fluctuations. The calcu-
lated IR has no distinct negative pressure fluctuation apart from the very first one.
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Below, the impulse response from measurement and calculation are shown for the right
monitor.
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Figure 20: Impulse response for left monitor A2 in LEDE. Top graph presents the measured
IR [mPa], the lower graph the calculated IR [Pa].

As for the other monitor there is a first reflection after 0.5 ms both for the measured and
calculated IR. At 1 ms there is a reflection in the measured IR which can be recognized
in the calculated IR but with much lower pressure value. The same counts for the two
measured reflections around 8,5. As for the left monitor, the measurement with the right
monitor contains a distinct reflection at 14 ms.

There are two distinct reflections after 18 ms in the calculated IR which have corresponding
peaks in the measured IR.

As for the left monitor, the calculated IR has no concrete negative pressure fluctuations

apart from the very first one.
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4.1.3 Energy time curve

The figure below shows the energy time curve for the left monitor for the first 20 ms.
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Figure 21: Energy time curve [dB] for left monitor Al in LEDE. Top graph presents the
measured ETC, the lower graph the calculated ETC.

The direct sound from the measurement takes a level of 98 dB. The calculated ETC is
normalized to 1 m on axis.

The fist reflections up to 2 ms correspond well in time between measurement and calcu-
lation but have different levels. The measured reflections are around 10 dB lower than
the direct sound whereas the calculated reflections are around 25 dB lower in level. An
exception is the first reflection after 0.5 ms which is only 5 dB lower for the calculated
ETC. For both measured and calculated ETC, there is a strong dip at 2 ms.

Following reflections correspond well in time and in relative level meaning that the pattern
of the ETC is very similar. The calculated reflections are hereby around 5 dB lower than
the measured ones.

The measured ETC contains distinct reflections at 5.5 ms, 12 ms and 14 ms. The strongest
reflections in the calculated ETC occur at 5.5 ms, 8.5 ms and 17.5 ms. All these reflections
have a corresponding reflection in the other ETC but the level differs.

The main pattern of the measured ETC is decreasing down to 11 ms and increases after
that. Drawing a line through the reflection pattern indicates that the calculated reflections
take levels that are 5 dB lower up to 11 ms and 10 dB lower for later reflections.
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The following figure shows the energy time curve for the right monitor for the first 20 ms.
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Figure 22: Energy time curve [dB] for right monitor A2 in LEDE. Top graph presents the
measured ETC, the lower graph the calculated ETC.

The first reflection after 0,5 ms is 10 dB lower than the direct sound for the measurements
and 9 dB lower for calculation. The reflection by measurement at around 1 ms is 9 dB
lower than the direct sound.

The stronger reflections at 8,5 ms and 14 ms are measured around 10 dB lower than the
direct sound. All other apparent reflections are at least 15 dB lower.

In the calculated ETC, there are some later reflections after 16 ms which are between
10-15 dB lower than the direct sound. All other reflections are at least 25 dB lower.

In general, the level pattern of the measured and calculated ETC corresponds well up to
13 ms.
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4.1.4 Cumulative energy curve

The cumulative energy curve allows one to judge the importance of the reflection to the
overall sound build-up in a room (see section 3.4).

The following figures show the cumulative energy curve for loudspeaker position Al for
the first 20 ms.
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Figure 23: Cumulative energy curve [dB] for loudspeaker position Al in LEDE. Top graph
presents the measured CEC, the lower graph the calculated CEC.

The measured cumulative energy curve shows several reflections that contribute strongly
to the sound build-up in the first 2 ms. The strongest reflection occurs at 0.5 ms which
corresponds well to the information given in the energy time curve in figure 21. Later,
there are no distinct reflections, only a minimal increase around 14 ms and 18 ms.

The calculated CEC shows a strong contribution to the sound build-up in the first mil-
lisecond. Otherwise there are no distinct reflections that contribute. A minimal increase

can be seen around 5.5 ms.

Both the measured and calculated CEC increase linearly in a similar slope from 2 ms.
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The following figures show the cumulative energy curve for loudspeaker position A2 for
the first 20 ms.
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Figure 24: Cumulative energy curve [dB] for loudspeaker position A2 in LEDE. Top graph
presents the measured CEC, the lower graph the calculated CEC.

The most dominant reflections in the measured CEC appear at 0.5 ms and 1 ms. At 8,5
ms and 14 ms much weaker reflections contribute to the sound build-up.

In the calculated CEC, the most dominant reflections appear in the first 0.5 ms. A reflec-
tion around 5.5 ms causes a slight increase in the cumulative energy curve.

The general increasing slope for measurement and calculation is very similar.
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4.1.5 Frequency response

The following figure shows the measured and calculated frequency response on a logarith-
mic scale for left monitor Al.
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Figure 25: Frequency response [dB] for left monitor A1l in LEDE. Top graph presents the
measured FR, the lower graph the calculated FR.

The frequency response measured with the left monitor A1l shows a very distinct interfer-
ence pattern.

There is a strong dip at 80 Hz. The frequency response is quite flat between 100 Hz and
4 kHz. For higher frequencies, the slope is decreasing.

For the calculated frequency response, the results are strange up to 80 Hz. Again, a clear

interference pattern can be seen. The frequency response is quite flat over the whole
frequency range and only decreases steeply around 18 kHz.
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The following figure shows the measured and calculated frequency response on a logarith-
mic scale for right monitor A2.
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Figure 26: Frequency response [dB] for right monitor A2 in LEDE. Top graph presents the
measured FR, the lower graph the calculated FR.

Similar to the left monitor, the frequency response of the right monitor is quite flat up to
4 kHz. There is a dip at 80 Hz. Again, this monitor shows an interference pattern. The

slope decreases 4 kHz.

The calculated frequency response includes strange levels up to 80 Hz. Thereafter, the
frequency response shows a clear interference pattern. The response is flat up to 18 kHz.

33 33 CHALMERS, Master’s Thesis 2014:107



4.2 Surround studio
4.2.1 EDT, T20 and T30
The following figures show the EDT, T20 and T30 for monitors A1, A2 and A3.
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Figure 27: EDT, T20 and T30 [s] loudspeaker position A1l in surround studio.
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Figure 28: EDT, T20 and T30 [s] loudspeaker position A2 in surround studio.
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Figure 29: EDT, T20 and T30 [s] loudspeaker position A3 in surround studio.

Generally, the above figures show that there is no correspondence for EDT but good cor-
respondence for T20 and T30 between measurement and calculation.

EDT differs much between the three monitors and is not as flat as T20 and T30.

EDT by calculation takes extremely low values up to 2 kHz for monitor A1l and up to

1 kHz for monitors A2 and A3. Thereafter, EDT increases with 0.4 s. For Al it reaches
its max at 8 kHz. For A2 and A3, the max is reached at 4 kHz and decreases for 8 kHz.
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The measured T20 and T30 are flat for monitors Al and A2 and differ slightly in frequency
as a linear decreasing slope for monitor A3. The octave bands 125 Hz and 250 Hz have
the tendency to take higher values for T30 compared to T20 for all monitors.

The calculation of the surround studio corresponds better with the measurement for T30
than for T20.

It underestimates the reverberation time T20 for the octave bands 250 Hz and 500 Hz
for monitors Al and A2. A3 on the other side shows good correspondence for the lower
frequencies. This effect can also be seen for T30 but not as distinct.

Higher frequencies from 2 kHz and upwards are overestimated by calculation for T20 and
T30 likewise.
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4.2.2 Impulse response

The following figure shows the impulse response in mPa (measured) and relative 1 m on
axis (calculated) for the first 20 ms after the direct sound. The graphs are grouped as a
comparison of measurement and calculation.
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Figure 30: Impulse response for loudspeaker position Al in surround studio. Top graph
presents the measured IR [mPa], the lower graph the calculated IR.

The impulse response for monitor Al shows the same behavior for measurement and
calculation. The direct sound is very strong followed by a very early reflection after 0.2 ms
(this reflection is harder to see in the calculated IR as there is no negative contribution).
This first reflection is followed by a dip at 0.5 ms. As for the measured IR, there is a series
of reflections around 1 ms. The calculated IR has an agreeing peak which is shifted in
time.

A third reflection appears at around 3 ms. No more distinct reflections can be seen later
in the measured and calculated IR in this scale.
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Figure 31: Impulse response for loudspeaker position A2 in surround studio. Top graph
presents the measured IR [mPa], the lower graph the calculated IR.

The measured and calculated IR are very similar to monitor Al. The first reflection agrees
in time, the second peak is slightly shifted for the calculation.

The third reflection is measured at around 3 ms.

Later reflections occur after 19 ms in both measured and calculated IR.
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Figure 32: Impulse response for loudspeaker position A3 in surround studio. Top graph
presents the measured IR [mPa], the lower graph the calculated IR [Pa].

Monitor A3 shows the same characteristics as the previous monitors A1l and A2.

Monitor A3 differs by a strong reflection at 9.5 ms that appears in the measured IR. There
is no strong corresponding reflection in the calculated IR.
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4.2.3 Energy time curve

The figure below shows the energy time curve for the monitor Al for the first 20 ms.
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Figure 33: Energy time curve [dB] for loudspeaker position Al in surround studio. Top
graph presents the measured ETC, the lower graph the calculated ETC.

The measured ETC is decreasing in level down to 5 ms whereas the calculated one de-
creases down to 6 ms Looking at these two first time intervals, the calculated ETC is
shifted by around 0.5 ms for all peaks and dips. This is harder to perceive for later reflec-
tions as they are not as distinct.

The first reflections up to 0.5 ms in the measured ETC and up to 1 ms in the calculated
ETC, are 10 dB lower than the direct sound. All other measured reflections are around
25 dB lower, all other calculated reflections about 30 dB lower.

The curves are quite flat when drawing a trend line.
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The figure below shows the energy time curve for the monitor A2 for the first 20 ms.
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Figure 34: Energy time curve [dB] for loudspeaker position A2 in surround studio. Top
graph presents the measured ETC, the lower graph the calculated ETC.

The same phenomena as for monitor A1 can be seen in the measured and calculated energy

time curves above.
The peaks and dips are shifted by about 0.5 ms.

Again the first measured reflections are 10 dB lower than the direct sound. Reflections
after 3.5ms are around 25 dB lower than the direct sound.

The first calculated reflections are also at least 10 dB lower. Reflections after 4 ms are
around 30 dB lower than the direct sound.

There is a slight increase in level after 18.5 ms by measurement and after 19 ms by

calculation.
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The figure below shows the energy time curve for the monitor A3 for the first 20 ms.
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Figure 35: Energy time curve [dB] for loudspeaker position A3 in surround studio. Top
graph presents the measured ETC, the lower graph the calculated ETC.

As previous monitors, the calculated ETC for monitor A3 is shifted by less than 0.5 ms
compared to the measured ETC.

Again, the first reflections are around at least 10 dB lower than the direct sound for both
measurement and calculation. Later reflections by measurement are around 25 dB lower.
There is a stronger reflection at 9.5 ms that is only 15 dB lower than the direct sound.
All other reflections in the calculated ETC are around 30 dB lower. An exception are
reflections after 18 ms which are about 25 dB lower.
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4.2.4 Cumulative energy curve

The following figures show the cumulative energy curve for monitor A1l for the first 20 ms.
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Figure 36: Cumulative energy curve [dB] for loudspeaker position Al in surround studio.
Top graph presents the measured CEC, the lower graph the calculated CEC.

The sound build-up in the surround room by measurement is faster than by calculation.
The first reflections up to 1 ms contribute most to the sound build-up. Some later reflec-
tions are contributing slightly as the curve is increasing but it can not be seen distinctively.

For the calculated CEC, it is the first reflection after 0.2 ms and after 1 ms which contribute
mostly to the sound build-up. Otherwise the sound is very constant and no reflections

contribute later.

The total sound level in the room after 20 ms reaches 108 dB for measurement and 132

dB for calculation.
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The following figures show the cumulative energy curve for monitor A2 for the first 20 ms.
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Figure 37: Cumulative energy curve [dB] for loudspeaker position A2 in surround studio.
Top graph presents the measured CEC, the lower graph the calculated CEC.

The measured and calculated CEC of monitor A2 are very similar to monitor A1l. The
sound build-up by measurement is not as steep in the first ms for this monitor.

The total sound level in the room after 20 ms reaches 108 dB for measurement and 132

dB for calculation.
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The following figures show the cumulative energy curve for monitor A3 for the first 20 ms.
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Figure 38: Cumulative energy curve [dB] for loudspeaker position A3 in surround studio.
Top graph presents the measured CEC, the lower graph the calculated CEC.

The measured CEC shows that the first reflections up to 1 ms contribute mostly to the
total sound level in the room. The curve is slightly increasing and reaches 108 dB at 20
ms. There is a reflection at 9.5 ms that causes a steeper increase but it is not very distinct.

The calculated CEC increases up to 4 ms and reaches a level of 130 dB, so 2 dB less than
the other monitors.
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4.2.5 Frequency response

The following figure shows the measured and calculated frequency response for loudspeaker

position Al.
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Figure 39: Frequency response [dB] for loudspeaker position Al in surround studio. Top
graph presents the measured FR, the lower graph the calculated FR.

The frequency responses do not show much correspondence.

The measured FR has a strong dip at 190 Hz. The FR is decreasing after 2 kHz. Before
it is quite flat.

The calculated FR shows no results up to 200 Hz. There is a strong dip at 1.1 kHz. For
higher frequencies the FR is flat and decreases rapidly after 18 kHz.
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The following figure shows the measured and calculated frequency response for loudspeaker
position A2.
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Figure 40: Frequency response [dB] for loudspeaker position A2 in surround studio. Top
graph presents the measured FR, the lower graph the calculated FR.

The FR for monitor A2 by measurement shows a dip at 80 Hz and a strong dip at 270 Hz.
The curve is more or less flat up to 2 kHz and decreases for higher frequencies.

The FR by calculation shows no reliable results up to 200 Hz. There is a strong dip at
900 Hz. After 2 kHz the FR is flat and decreases rapidly after 18 kHz.
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The following figure shows the measured and calculated frequency response for loudspeaker

position A3.
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Figure 41: Frequency response [dB] for loudspeaker position A3 in surround studio. Top
graph presents the measured FR, the lower graph the calculated FR.

The measured frequency response with monitor A3 contains a strong dip at 190 Hz. The
FR is flat up to 2 kHz and decreases for higher frequencies.

The FR by calculation behaves similar for monitor A3 than for A2. The FR by calculation
is only reliable after 200 Hz. There is a strong dip at 900 Hz. After 2 kHz the FR is flat
and decreases rapidly after 18 kHz.
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4.3 Studio 42

The measurements and calculations in Studio 42 were performed with two loudspeaker
positions (see section 3). The results are presented as a comparison between measurement

and calculation.

4.3.1 EDT, T20 and T30
The following figure shows the EDT, T20 and T30 for loudspeaker positions A0 and Al.
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Figure 42: EDT, T20 and T30 [s] loudspeaker position A0 in studio 42.
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Figure 43: EDT, T20 and T30 [s] loudspeaker position Al in studio 42.

Starting with the early decay time , it can be seen that the overall shape corresponds quite
well from the 1 kHz octave band . Lower frequencies below 1 kHz are underestimated.
For loudspeaker position A0, the calculated EDT is following the shape of the measured
EDT but exaggerates for 8 kHz.

EDT for loudspeaker position Al is flatter than for AO.

Looking at T20, the measured and calculated results agree well from 500 Hz on. The
octave band 125 Hz takes very high values for the calculated T20. The measurement
tends to do so as well but not as much.

T30 for loudspeaker position AQ differs more between measurement and calculation than

for loudspeaker position Al.
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4.3.2 Impulse response

The following figure shows the impulse response in mPa (measured) and relative 1 m on
axis (calculated) for the first 20 ms after the direct sound.
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Figure 44: Impulse response for loudspeaker position A0 in studio 42. Top graph presents
the measured IR [mPal, the lower graph the calculated IR.

Compared to the calculated one, the measured IR has a weak direct sound. The first
reflection occurs after around 2 ms. No other reflections seem to be dominant.

The most distinct reflections in the calculated IR appear at around 9 followed by some
minor reflections around 14 ms.
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Figure 45: Impulse response for loudspeaker position Al in studio 42. Top graph presents
the measured IR [mPal, the lower graph the calculated IR.

The direct sound from the measurement is stronger than for loudspeaker position AO.
There are a lot of distinct reflections in the measured IR.

The first three reflections up to 2 ms correspond quite well in time between measurement
and calculation. The group of reflections between 7 ms and 8 ms have also a good corre-
spondence.

Later reflections correspond less in time.
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4.3.3 Energy time curve

The figure below shows the energy time curve for the loudspeaker position A0O for the first
20 ms.

dBSPL
a0

] l
m,\wh.w i . |
A A I i
412 | !
30 | | ‘

20

Ayl A

e —
i
-

==
=
==

—
P
—
.

=——

2 4 B 2 10 12 14 16 18 ms

Figure 46: Energy time curve [dB] for loudspeaker position A0 in Studio 42. Top graph
presents the measured ETC, the lower graph the calculated ETC.

The energy time curve from the measurement shows that the direct sound is very weak.
One reflection just after 2 ms is equally strong than the direct sound. All other reflections

up to 6 ms are 5 dB lower than the direct sound, later reflections at least 10 dB.

The calculated ETC is normalized to the SPL re 1 m on axis which is actually higher than
the direct sound. The most dominant reflection occurs at 9 ms.

There is not much correspondence between the two graphs.
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The following figure shows the energy time curve for the loudspeaker position Al for the
first 20 ms.
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Figure 47: Energy time curve [dB] for loudspeaker position A1l in Studio 42. Top graph
presents the measured ETC, the lower graph the calculated ETC.

The direct sound is 6 dB stronger than for the previous loudspeaker position. There are
several reflections that are less than 5 dB weaker than the direct sound: three reflections
up to 1 ms, 7.5 ms and 8 ms. A series of other reflections are 5 dB lower than the direct
sound and most reflections are 10 dB lower or more.

The strongest reflections from calculation occur at 1 ms and around 7 to 8 ms. These are
ca 10 dB lower than the direct sound. All other reflections are at least 20 dB lower.

The ETC curves from measurement and calculation correspond quite well and follow a
similar pattern.
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4.3.4 Cumulative energy curve

The cumulative energy curve allows to judge the importance of the reflection to the overall
energy (see section 3.4).

The following figures show the cumulative energy curve for loudspeaker position A0 for
the first 20 ms.
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Figure 48: Cumulative energy curve [dB] for loudspeaker position A0 in Studio 42. Top
graph presents the measured CEC, the lower graph the calculated CEC.

The cumulative energy curves correspond quite well in slope from 6 ms on.

The measured slope is increasing in the first 20 ms which means that they are a lot of
reflections that contribute to the sound build-up in studio 42. Most contributing are the
first reflections up to 4 ms. In the measured CEC the reflections are easier to distinguish
than in the smoother calculated one.

The calculated CEC shows stronger reflections up to 6 ms. Thereafter the slope increases
similarly to the measured one.
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The following figures show the cumulative energy curve for loudspeaker position Al for
the first 20 ms.
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Figure 49: Cumulative energy curve [dB] for loudspeaker position Al in Studio 42. Top
graph presents the measured CEC, the lower graph the calculated CEC.

Even though the IR and ETC agreed quite well for loudspeaker position Al, the cumula-
tive energy curve is not corresponding so well at the first glimpse.

The slope by measurement is steeper than by calculation. The room needs more time to
build up the sound. Reflections up to 15 ms are involved.

The calculated CEC does not shows as many distinct reflections. The most distinguishable

reflections occur at 1 ms and 3 ms. Later reflections do contribute less as the slope flattens
out.
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4.3.5 Frequency response

The following figure shows the measured and calculated frequency response for loudspeaker
position AO.
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Figure 50: Frequency response [dB]| for loudspeaker position A0 in studio 42. Top graph
presents the measured FR, the lower graph the calculated FR.

The frequency response for both the calculated and the measured result shows interfer-
ence pattern. The interferences will be studied more in detail in the discussion in section 5.

The measured FR for loudspeaker A0 shows low levels up to around 63 Hz. The response
is flat betweee 200 and 5 kHz and decreases for higher frequencies. At 18 kHz there is a
strong dip

The calculated FR shows weird levels up to 160 Hz. The interference pattern with peaks
and dips after 200 Hz correspond well between measurement and calculation. Most peaks

and dips correspond in frequency.

The calculated FR is flat up to 12 kHz and decreases slightly for higher frequencies.
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The following figure shows the measured and calculated frequency response for loudspeaker
position Al.
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Figure 51: Frequency response [dB]| for loudspeaker position A1l in studio 42. Top graph
presents the measured FR, the lower graph the calculated FR.

Again, the measured FR shows low levels up to 63 Hz. The curve is flat between 200 Hz
and 5 kHz and decreases thereafter.

The interference patterns of peaks and dips do not correspond well. Only the dip at 190
Hz corresponds.

The calculated FR contains weird levels up to 160 Hz. The frequency response is quite
flat up to 18 kHz.
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4.4 Studio 32
4.4.1 EDT, T20 and T30
The following figure shows the EDT, T20 and T30 for the used loudspeaker position.
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Figure 52: EDT, T20 and T30 [s] loudspeaker position A0 in studio 32.
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Figure 53: EDT, T20 and T30 [s] loudspeaker position Al in studio 32.

The above figures show the same characteristics as the previous rooms: the EDT deviates
much between measurement and calculation whereas T20 and T30 shows better corre-

spondence.

Loudspeaker position AQ gives a flat measured EDT. The calculated EDT is underesti-
mated for all frequencies apart from octave band 125 Hz. The general pattern agrees from
octave band 1 kHz.

Loudspeaker position Al gives a decreasing measured EDT. The values by calculation are
underestimated to 1 kHz and too high for higher frequencies.

The reverberation times T20 and T30 are decreasing from low to high frequencies in studio
32. The calculation results in very long reverberation times for octave band 125 Hz and
slightly longer for octave band 250 Hz. Octave band 500 Hz is underestimated in T20 and
T30 for both loudspeaker positions.

Otherwise, the results show good agreement from octave band 1 kHz.
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4.4.2 Impulse response

The following figure shows the impulse response in mPa (measured) and relative 1 m on
axis (calculated) for the first 20 ms after the direct sound. The graphs are grouped as a
comparison of measurement and calculation for the used loudspeaker positions.
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Figure 54: Impulse response for loudspeaker position A0 in studio 32. Top graph presents
the measured IR [mPa], the lower graph the calculated IR.

The impulse response for loudspeaker position A0 contains a weak direct sound for the

measurement.

The most dominant reflections in the measured IR occur in the first 4 ms. The calculated
IR shows a similar pattern up to 2.5 ms but slightly shifted in time. The reflections are

less distinct than by measurement.
The calculated IR shows the most dominant reflections at 6 and 9 ms.
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The following figures show the impulse response for loudspeaker position Al for the first
20 ms.

mPa
200

150

L

100 H
SE HL[WJHMH j”JJ\ML %ﬂﬂ{\m MJ\M.JMNAUM JW\)WW’L’\W. N e S wr v B 71 VS e
g Rty

Rl

-100

-150

200 T 2 3 rl 5 £ 7 g I T R S R R ¥ B T T RN R mee

0,20
0,15
0,10

0,05
0,0r WWMM»WAMMWWP
2 4

-0,05
-0,10

B 8 10 12 14 16 18 ms

Figure 55: Impulse response for loudspeaker position Al in studio 32. Top graph presents
the measured IR [mPal, the lower graph the calculated IR [Pa].

For loudspeaker position Al, the direct sound by measurement is stronger than for the
previous position. On the other hand, there is no direct sound for the calculated IR.

The results do not agree at all. The measured IR shows the strongest reflections at 3.5
ms and 7 ms; the calculated IR at 1.5 ms.
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4.4.3 Energy time curve

The figure below shows the energy time curve for the loudspeaker position A0O for the first
20 ms.
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Figure 56: Energy time curve [dB] for loudspeaker position A0 in Studio 32. Top graph
presents the measured ETC, the lower graph the calculated ETC.

The ETC by measurement has a low weak sound followed by two reflections at 2 and
around 4 ms that are higher in level than the direct sound. Most reflections are only 5 dB
lower than the direct sound.

The calculated ETC contains only few reflections that are around 10 dB lower than the

direct sound. Most reflections are at least 25 dB lower.
The curves correspond well up to 2.5 ms. Later, they differ considerably.
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The following figure shows the energy time curve for the loudspeaker position Al for the
first 20 ms..
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Figure 57: Energy time curve [dB] for loudspeaker position A1l in Studio 32. Top graph
presents the measured ETC, the lower graph the calculated ETC.

Even though the direct sound is so weak for the calculation, the curves show good corre-
spondence in pattern between 8 and 20 ms.

Otherwise, there is not much correspondence
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4.4.4 Cumulative energy curve

The following figures show the cumulative energy curve for loudspeaker position AO for
the first 20 ms.
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Figure 58: Cumulative energy curve [dB] for loudspeaker position A0 in Studio 32. Top
graph presents the measured CEC, the lower graph the calculated CEC.

The CEC by measurement shows that several reflections in the first 4 ms are strongly in-
volved in the sound build-up. The curve is constantly increasing and flattens out slightly

at around 18 ms.

The calculated CEC builds up to 4 ms, increases slightly to 8 ms and is flat for later decay
times.
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The following figures show the cumulative energy curve for loudspeaker position AQ for
the first 20 ms.

dBSPL
100
48
96
94
42
40
a8
a6
a4
a2
80
™
B
4
72
70

dB

105 /—"
100
05
ao
85
80

Figure 59: Cumulative energy curve [dB] for loudspeaker position Al in Studio 32. Top
graph presents the measured CEC, the lower graph the calculated CEC.

The measured CEC shows that mainly the reflection at 3.5 ms is contributing to the total
sound build-up. The slope increases slightly and flattens out around 18 ms.

The calculated CEC is less steep in the first 4 ms than for loudspeaker position A0 but
shows the same flatness for later decay times.
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4.4.5 Frequency response

The following figure shows the measured and calculated frequency response for loudspeaker
position AO.
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Figure 60: Frequency response [dB] for loudspeaker position A0 in studio 32. Top graph
presents the measured FR, the lower graph the calculated FR.

The measured FR shows a dip at 60 Hz. The level is flat up to 1 kHz and decreases up
to 1.6 kHz. Then it is flat again until 5.5 kHz and decreases slowly for higher frequencies
and rapidly after 16 kHz.

The calculated FR shows no reliable results up to 200 Hz. The first dip is at 600 Hz. The
curve is flat up to 18 kHz and decreases for higher frequencies.
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Figure 61: Frequency response [dB] for loudspeaker position A1l in studio 32. Top graph
presents the measured FR, the lower graph the calculated FR.

The measured FR contains a deep dip at 125 Hz. The curve is flat up to 1 kHz and reveals
a dip at 1200 Hz. Thereafter the curve stays flat and decreases steeply from 16 kHz.

The calculated FR shows unreliable values up to 200 Hz. The first dip occurs at 1.6 kHz.
The curve is flat for higher frequencies and decreases after 18 kHz.
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4.5 Studio 31
4.5.1 EDT, T20 and T30
The following figure shows the EDT, T20 and T30 for loudspeaker positions A0 and Al.
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Figure 62: EDT, T20 and T30 [s] loudspeaker position A0 in studio 31.
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Figure 63: EDT, T20 and T30 [s] loudspeaker position Al in studio 31.

EDT, T20 and T30 for loudspeaker position A0 do not agree well between measurement
and calculation.

The calculated curve is on average 0.15 s higher than the measured curve for all three
parameters.

The EDT measured and calculated with loudspeaker position A1l shows no correspondence
either. The EDT by calculation is below 0.1 s up to 1 kHz and increases steeply to over
0.5 s for higher frequencies.

The calculated T20 and T30 agree better. T20 is calculated shorter than measured for all
frequencies apart from 8 kHz. For the octave bands 125 Hz and 1 kHz and higher, T30 is
longer than measured. The octave bands 250 Hz and 500 Hz are shorter than measured.
The average difference between measurement and calculation is 0.05 s for both T20 and
T30.
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4.5.2 Impulse response

The following figure shows the impulse response in mPa (measured) and relative 1 m on
axis (calculated) for the first 20 ms after the direct sound. The graphs are grouped as a
comparison of measurement and calculation for the used loudspeaker positions.
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Figure 64: Impulse response for loudspeaker position A0 in studio 31. Top graph presents
the measured IR [mPa], the lower graph the calculated IR.

The impulse response that has been measured with loudspeaker position A0 shows a group

of reflections around 2 ms. In general, the pressure fluctuations are around 1/4 of the di-
rect sound.

The calculated IR contains no direct sound at all. There are some smaller reflections at 2

ms and around 5 ms that are agreeing in time with the measurement. Furthermore, there
are some reflections between 13 ms and 15 ms.
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The following figures show the impulse response for loudspeaker position Al for the first
20 ms.
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Figure 65: Impulse response for loudspeaker position Al in studio 31. Top graph presents
the measured IR [mPa], the lower graph the calculated IR.

For loudspeaker position Al, the direct sounds for both measurement and calculation are
stronger than for previous loudspeaker position.

The graphs show good correspondence up to 4 ms. The calculated IR does not fluctuate
that much in pressure for later decay times and is quite flat.
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4.5.3 Energy time curve

The figure below shows the energy time curve for the loudspeaker position A0O for the first
20 ms.
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Figure 66: Energy time curve [dB] for loudspeaker position A0 in Studio 31. Top graph
presents the measured ETC, the lower graph the calculated ETC.

Although the direct sound is so low by calculation, the ETCs show some correspondence
up to 6 ms. The reflection peaks are slightly shifted.

For later decay times, there is not much correspondence.

The reflections up to 1 ms in the measured ETC are at least 10 dB lower than the direct
sound in the measured curve. Later reflections are at least 15 dB lower.
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The following figure shows the energy time curve for the loudspeaker position Al for the
first 20 ms.
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Figure 67: Energy time curve [dB] for loudspeaker position Al in Studio 31. Top graph
presents the measured ETC, the lower graph the calculated ETC.

The measured and calculated energy time curves show some agreeing dips and peaks in
the first 6 ms.

Only a few reflections are around 10 dB lower than the direct sound. All other reflections
are at least 15 dB lower than the direct sound.

The reflections in the calculated ETC are much lower in level than the measured ones.
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4.5.4 Cumulative energy curve

The following figures show the cumulative energy curve for loudspeaker position AO for
the first 20 ms.

dBSPL

94

2

30

£t

B

B4

g2

a0

dB N
ﬂ‘____._,—
L
a0
20
70
2 4 3] 8 10 12 14 16 18 ms

Figure 68: Cumulative energy curve [dB] for loudspeaker position A0 in Studio 31. Top
graph presents the measured CEC, the lower graph the calculated CEC.

The measured CEC shows that it is mostly the reflection at 2 ms that builds up the sound
in the room with the direct sound. Some weaker reflections contribute up to 14 ms. For
later decay times, the curve flattens out.

The calculated CEC has a weak direct sound, the first reflections up to 2 ms and around 4

ms contribute mainly to the sound build-up. Later, the curve is flat and increases slightly
around 12 ms. It flattens out at 17 ms.
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The following figures show the cumulative energy curve for loudspeaker position Al for
the first 20 ms.
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Figure 69: Cumulative energy curve [dB] for loudspeaker position Al in Studio 31. Top
graph presents the measured CEC, the lower graph the calculated CEC.

The CECs by measurement and calculation differ in the first 12 ms.
The measured CEC has some reflections up to 4 ms and around 8 ms that contribute to
the sound build-up. But unlike the other loudspeaker position there is not one reflection

that contributes very strongly.

For the calculated CEC, it is reflections up to 8 ms that mainly build up the sound in
studio 32.

After 12 ms, the measured and calculated curves a have likewise increasing slope.
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4.5.5 Frequency response
The following figure shows the measured and calculated frequency response for loudspeaker
position AO.
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Figure 70: Frequency response [dB]| for loudspeaker position A0 in studio 31. Top graph
presents the measured FR, the lower graph the calculated FR.

The measured frequency response is flat between 125 Hz and 1 kHz. Frequencies below
125 Hz are low in lvel. For frequencies between 1 and 2 kHz, the response is decreasing.
Between 2 and 5 kHz, the FR is flat and decreases down to 16 kHz. For higher frequencies,
the FR decreases rapidly.

The calculate FR contains weird results up to 200 Hz. The frequency response is flat up
to 18 kHz and decreases rapidly for higher frequencies.

Both frequency responses reveal interference patterns.
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The following figure shows the measured and calculated frequency response for loudspeaker
position Al.
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Figure 71: Frequency response [dB] for loudspeaker position A1l in studio 31. Top graph
presents the measured FR, the lower graph the calculated FR.

The measured FR is very low up to 50 Hz and increase steeply up to 80 Hz. The FR is
flat between 150 Hz and 5 kHz. Higher frequencies are lower in level. There is a peak at

16 kHz. For higher frequencies, the FR decreases rapidly.

The calculated FR contains weird results up to 180 Hz. The FR is flat between 500 and
18 kHz and decreases for higher frequencies.
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5 Discussion

In this section, the results are analyzed and explained. The focus is hereby set on com-

paring measurement and calculation and providing insight on the quality of the studios.

5.1 Studio 12 - LEDE

5.1.1 Comparison between measurement and calculation

75

o EDT, T20 and T30

Summarizing the results described in section 4.1.1, the following three points need
some further analysis:

- the measurement and calculation correspond well in pattern for T20 and T30

- the EDT shows larger differences comparing measured and calculated values

- the calculated values are higher than the measured

In section 2.3, the Schrider frequency was introduced. The Schréder frequency serves
as a limit where the model of geometrical acoustics is valid.

That means that it is the limit where measurement and calculation should corre-
spond well.

In the case of the LEDE, the Schroder frequency is calculated to be 125 Hz.

As seen in the figures 17 and 18, measurement and calculation correspond well in
pattern for all octave bands from 125 Hz o 8000 Hz.

As mentioned in section 3.3), it is instead suggested that geometrical acoustics works
well from a limit of 4 f;, so in the case of the LEDE 500 Hz and for small rooms such
as control rooms and studios typically only the upper octaves 1,2 and 4 kHz will be
well predicted [10].

However, for the T20 and T30 the model agrees well in pattern from the Schroder
frequency.

EDT is harder to predict because it relies on early reflections. As could be seen
in the energy time curve for the two monitors (see figures 21 and 22, there is good
correspondence in time for most of the first reflections. However, the level of the
reflections differs more between measurement and calculation.

As said earlier in the method section 3, the EDT is based on a straight line curve fit
between 0 and -10 dB. The measurement results from the ETC in figures 21 and 22
that the very early decay is not very linear. This causes the big differences in EDT
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between measurement and calculation.

The results have shown slightly higher values for the calculated results than for the
measured.

In a calculation program, the aim is to model the room as realistically as possible
without too many details. Modeling the room exactly as it is with all details would
cause very long calculation times and would not necessarily give more accurate val-
ues. Instead, all surfaces are provided with absorption and diffusion coefficients.
One difficulty is to find exact determined coefficients for the various surfaces. Often
this data is not available and has to be approximated.

For the LEDE, the acoustic consultant that provided me with information for the
materials used in the room did not know in detail where and which materials have
been used for the LEDE. One difficulty for the implementation of my calculation
model was to know where and how many Helmholtz resonators have been used. Ad-
ditionally, I did not get any measured scattering coefficients for the used diffuser.
For the calculation model, I used scattering and absorption coefficients for a similar
diffuser.

The higher values for the calculated reverberation times might been caused by the
lack of correct information leading to eventually too low absorption coefficients.

At the measurement occasion, many table surfaces were quite chaotic with many
papers, cables and other elements. This chaos enhances the diffusion of a surface.
The book shelves in the back wall were also filled with in a chaotic way which can
increase the absorption.

In the calculation model I did not implement this chaos. So the diffusion and ab-
sorption coefficients for the concerned surfaces are not corresponding to reality.

Finally, I had big issues to get information about the loudspeakers directivity. The
producer refused to send information. Unfortunately, for such small rooms the di-
rectivity is important for the calculation model. In the end, I used approximated
directivities.

Looking at the T20 and T30 the calculation model corresponds well in pattern but
the higher calculated values were caused by the many obstacles to get accurate
information.
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o Impulse response

The impulse response is a good tool to get a hint on the appearance of reflections.
As described in section 3.4, the IR includes also negative pressure variations and
several points that cross the O line. It happens easily that only positive pressure
fluctuations are judged and not the dips.

In general, the impulse responses do not correspond very much on the first sight.
Only the earliest reflection at 0.5 ms agrees in time.

The impulse responses for monitor Al and A2 shows that the calculation does not
contain as distinct reflections as the measured IR.

The right directivity of the loudspeaker is very important for a good correspondence
between measurement and calculation in such a small room. This can influence the
appearance of reflections and their strength.

The impulse response includes all frequencies. This is especially problematic for
lower octave bands in the calculated IR. It can be expected that there is generally
better correspondence for higher frequencies. In the future, it would be interesting
to look at the impulse response by octave bands instead.

In general, it is difficult to compare the impulse responses in the shown scale because
the calculated IR is normalized to the sound pressure level at 1 m on axis. However,
the SPL at 1 m on axis is constant over all octave bands in my source file.

Energy time curve

The energy time curves up to around 12 ms correspond very well in time between
measurement and calculation for both monitors. In general the calculated reflections
are lower in level than the measured ones when compared to the direct sound.

A ray that hits a surface will be absorbed partly and the remaining part either be
reflected diffusely or specular. The calculated values for the ETC might be lower for
the first ms because the closest surfaces to the sound source are mainly absorbing
surfaces. These surfaces consist of the front wall with absorbers and the absorbing
ceiling.

In the calculation model, the assigned absorption coefficients are very high and reach
90- 100 % absorption after 500 Hz. In theory this means that only 1/10 or less of
the rays are reflected from these surfaces.

In reality, the ceiling for example contains lamps and ventilation making the surface
not purely absorptive.
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The model of geometrical acoustics does not consider diffraction which affects mostly
the lower frequencies. In reality, waves can bend around smaller objects compared
to the wavelength and hit a wall behind. In the room model, these reflections would
be shielded off. Possible "*small objects™” in the room model are the tables next to
the console.

For reflections after 16 ms, both calculated ETCs contain several distinct reflections
which are around 10 dB higher than in the measured ETC.

The image source model indicated that the later reflections after 16 ms originate
from the door.

During the measurement occasion, the chair for the sound technician was placed at
its usual position, this means just behind the microphone. The chair-back was higher
than the microphone height. This could have provided acoustic shielding from the
door reflection.

Still, in general the energy time curves show rather good correspondence in time and
shape.

Cumulative energy curve
The cumulative energy curves for both monitors have a similar shape by measure-
ment and calculation. There are reflections up to 2 ms that cause a steep increase
in the sound build-up. Later reflections are not distinctively contributing and cause
a linear smooth increase.

The measured CEC contain more distinct reflections at 0.5 ms and 1 ms for both
monitors.

The calculated CEC is very smooth and shows no distinct slope changes. In CATT,
it is possible to evaluate the cumulative energy curve per octave band. The CECs
for octave bands 125 Hz and 250 Hz is very smooth in the first 2 ms. The CECs of
higher octave bands are more rough in the first 2 ms and show distinct reflections
at 0.5 ms and even at 1 ms. Later the CEC is smooth. This behavior corresponds
much better to the measured CEC.

This is an indication that the Schroder frequency is too low of a limit for the accuracy
of the model of geometrical acoustics in that case.
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o Frequency response

Frequencies below the Schroder frequency are not reliable and are omitted in the
discussion.

The frequency responses from measurement are flat up to 4 kHz and up to 18 kHz
from calculation. The frequency response of a room depends on the room itself but
also on the frequency responses of the loudspeaker and microphone.

For the calculation model, the source file contains the sound pressure values at 1m
on axis of the acoustical source (frequency response of the loudspeaker in anechoic
room). These are flat up to 16 kHz according to the producer. The values are given
in octave bands in the source file.

The measured frequency response shows that the monitors are apparently not able
to feed the room with enough sound energy after 4 kHz.

All frequency responses, both measured and calculated, for the two monitors reveal
an interference pattern.

The superposition of one strong reflection or several equidistant reflections onto the
direct sound can create an effect which is called coloration. Coloration causes a
change in timbre. This coloration can best be seen in a linear scale on the frequency
response. The effect caused by coloration is also called comb filtering because the
dips and peaks in the frequency response then appear like a comb.

In the discussion for the cumulative energy curve, I conclude that only the first re-
flections are strongly contributing to the total sound build-up in the room.

The following figures show the linear frequency response for the first 5 ms of the
impulse response.
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Figure 72: Frequency response [dB] for left monitor A1l in LEDE. Top graph presents the
measured FR, the lower graph the calculated FR for the first 5 ms.
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Figure 73: Frequency response [dB] for right monitor A2 in LEDE. Top graph presents the
measured FR, the lower graph the calculated FR for the first 5 ms.

In the above figures, the interference pattern or comb filter can clearly be seen for all
loudspeaker positions for the measurement and the calculation. The width between
two dips does not correspond between measurement and calculation. The calculated
dips are wider than the measured ones.

All figures indicate that it is more than one reflection that is causing the interference.
The peaks are not perfectly round but have several peaks in one peak which indicates
that at least two reflections are involved.
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5.1.2 Quality of the studio

The quality of the studio is judged upon the parameters discussed in the paragraphs above.
In order to judge the quality, only the results from measurements are considered.

Starting with T20 and T30, the curves are very flat in frequency and take values around
0,25 s. The octave band 125 Hz shows slightly lower value of 0,2 s. The value and flatness
of the reverberation times is a very positive property of the LEDE.

EDT differs more from frequency to frequency and takes values between 0,2 and 0,3 s.

In the energy time curve, the most distinct reflections occur at 0.5 ms, 1 ms, 5.5 ms 12
ms, 14 ms and after 18 ms which correspond to the following distances.

Delay time [ms] | Distance [m]
0.5 0.17
1 0.35
9.5 1.9
12 4.2
14 4.8
18 6.2

Table 3: Distinct reflections in LEDE

In order to determine where the reflections are coming from, I use a tool from the CATT
software called Image source modeling . This tool allows to follow specific reflection paths.
Even though the measurement does not correspond exactly to the calculation, it corre-
sponds well enough for reflections up to 10 ms and can still give good hints.

The earlier reflections at 0,5 ms and 1 ms can be associated to the mixing console and are
of first order.

The reflection at 5.5 ms originates from a first order ceiling reflection. The reflection at
12 and 14 ms is a second order reflection from both the console and the ceiling.

Reflections after 18 ms originate from the door.

However, the cumulative energy curve shows that only the reflections at 0.5 ms and 1 ms
contribute mainly to the sound build-up.
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Rod Gervais [13] summarizes the effect of early reflections into three phases:

- Phase 1 (Summing Localization)

Reflections that combine with the original source before about 1 ms cause the sound event
to appear roughly half way between the original sound source and the reflection source.
This may even result in a slight tonal coloring of the original sound.

- Phase 2 (Localization Dominance)

The original sound and a reflection occuring between 1-10 ms combine in a way that the
first signal, the original sound, appears louder.

- Phase 3 (ISD)

Reflections that occur after 10 ms can be perceived as two different sound sources (see
Haas effect in section 2.2).

So, the two reflections at 0.5 ms and 1 ms are Phase 1 reflections, the ceiling reflection at
5.5 ms is a Phase 2 reflection and the reflections at 12 ms, 14 ms and 18 ms are Phase 3

reflections.

The following figures show the measured frequency response of the first 2 ms.

Figure 74: Frequency response [dB] for left and right monitor in LEDE. Left graph presents
the left monitor, right graph the right monitor for the first 2 ms.

For the two monitors, both reflections at 0,5 ms and 1 ms contribute to the comb filter
This corresponds to the description of Phase 1 reflections.

A large mixing console with large flat surfaces tends to dominate the acoustic response of

a small room. According to Newell [7] even when using monitors with an extremely flat
response, there is little chance of achieving a flat response at the listening position.
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Even though these colorations could be measured in the LEDE room, it does not auto-
matically mean that they are also perceived by the technician. It much depends on the
delay time and the level of the maxima [5]. The following figure shows the sensitivity to
comb filter, hence when the coloration gets audible.
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Figure 75: Comb filter sensitivity. a) for a single reflection, b) for a succession of reflections

For my purpose, only curve a) is interesting as the impulse response or energy time curve
do not reveal a regular succession of reflections.

Being above the curve means that the coloration is audible. The frequency response for 2
ms shows that two dips are around 900 Hz spaced from each other. This space is defined
as 1/typ where tg is the delay time. So for 900 Hz, the delay time corresponds to 1 ms.
At 1 ms the reflection has to be around 15 dB lower than the direct sound so that the
coloration is inaudible.

From the energy time curves of the two monitors, one can read that the first two reflections
are approximately 10 dB lower than the direct sound.

This indicates that the coloration could cause a change in timbre in the LEDE.

It is a typical issue of control rooms that the mixing console. In general, it is desirable to

have a small mixing console.
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In the case of the LEDE, the monitors are placed free-standing above the meter bridge.The
following figure shows the influence of the reflection from the mixing console on the tran-
sient response of a loudspeaker placed on the meter bridge [7].

Electrical input signal
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Figure 76: Effect of reflections from top surface of mixing console from loudspeaker placed
on the meter bridge.

Point A corresponds to the plot in (ii) for 30 c¢cm, point B to (iii) for 60 cm and point C
to (iv) for 120 cm. Newell wants to show with this figure that the reflections are apparent
at position B and C causing also disturbance in the tail of the plot. The LEDE case
corresponds to point C.

He states for this point that neither coloration nor transient smearing is beneficial for the

monitoring quality. Comparing with the impulse response for the two monitors in figures
19 and 20, the plot in (iv) looks very similar.
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The mixing console that was used in the LEDE is one of a kind that Newell criticizing [7].
The problem is that it has a closed back from the meter bridge to the floor. The parallel
vertical space between the console and the wall can cause resonances.

In order to reduce the effect, the studio technician clearly made an effort and leaned loose
absorptive material against the back of the console. Even though the lower part of the
front wall is absorptive, thick cloth covers it additionally.

Figure 77: Back wall of the mixing console. Photo: Tina Roth

Also, the figures of the frequency responses reveal a dip at 80 Hz for both monitors as
mentioned in the results for figures 25 and 26.

On Genelecs webpage [14], the critical issue of bass response in rooms is described. This
poor bass response is caused by walls or other boundaries that are close to a free-standing
loudspeaker.

When the total distance traveled by the reflected sound from this wall is half a wavelength
of the direct sound, it destructively interferes with the direct sound and causes a dip in
lower frequency, in figures 25 and 26 at 80 Hz. The boundary that corresponds in distance
to that frequency is the big tilted window in the front wall.

Unfortunately, this big tilted window is an important contact to the studio in order to

enhance communication between performers in the studio and technicians in the control

room.
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5.2 Surround studio

5.2.1 Comparison between measurement and calculation

86

e EDT, T20 and T30

The figures 27, 28 and 29 reveal that the EDT shows no correspondence for the three
monitors. As said earlier for the discussion of LEDE 5.1.1, the EDT is based on a
straight line between 0 and -10 dB. It is much harder to predict right.

Also whereas T30 for example is a global measure, EDT describes much more local

acoustic conditions.

T20 and T30 agree better than EDT. For T20 and T30 the octave bands 250 Hz and
500 Hz are slightly underestimated in reverberation time.

The surround studio was designed by a consultant that I did not have contact with.
The choice of the materials for my absorption file was inspired by the choice of mate-
rial for the LEDE. The consultant working with LEDE and the other studios stated
that the materials chosen for the surround studio were similar.

The absorption coefficients for the absorptive wall panels are adapted for absorption
material that is mounted with space from the wall, the space being filled with min-
eral wool. This gives higher absorption coefficients in the lower frequencies up to
500 Hz.

As the reverberation times are calculated too low for these frequencies, I guess that
the material was mounted closer to the wall than in the LEDE.

Higher frequencies on the other hand were overestimated. A possible explanation
could be that the room is more diffusive in reality enabling more sound waves to
enter the present absorption material. The mathematical diffuser in the back wall
is only an approximation in the calculation model and does not represent the real
randomness of reflection in reality.

However, the differences in frequency are not as big as for the T20 and T30 in the
LEDE. The Schroder frequency is 123 Hz in the surround studio. All frequencies
from the calculation model give good agreement to the measurement.
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o Impulse response
Most distinct reflections in both calculation and measurement appear in the first
milliseconds. Measurement and calculation seem to be shifted in time. This will be
further discussed for the energy time curve.

The general pattern of the impulse responses corresponds well for all three monitors.
The calculated impulse response is normalized to the sound pressure level at 1 m on
axis which makes it harder to compare measurement and calculation.

However, there are only few reflections after the initial reflections that can be seen in
both measurement and calculation. The strength of later reflections in the impulse
response is low.

e FEnergy time curve

All calculations for the three monitors are shifted in time compared to the measure-
ments. For monitor Al and A2 the calculation is shifted by 0.5 ms or a bit more,
monitor A3 by less than 0.5 ms.

This indicates that the placement of the microphone in the room during measurement
occasion and in the calculation model is not the same. If the microphone position is
in the middle of the room for the measurement for example, the microphone position
for the calculation is shifted towards the monitor A3.

The first reflections up to 0.5 ms for measurement and 1 ms for calculation are 10
dB lower than the direct sound for all three monitors. So here, the model and reality
corresponds well.

Later reflections are 5 dB less strong in the calculation model than by measurement
for all three monitors.

The maximum ray split in the calculation model is 2. This means that every time a
ray hits a reflecting surface, the ray is split into new rays. This counts only for rays
up to second order. Higher order rays are determined randomly from the scattering
coeflicients without split-up.

In reality there is split-up also for higher orders creating an infinite number of rays
that all add up.

The walls close to the loudspeaker (hence earlier reflections) are mainly absorptive
whereas later reflections will originate from reflections surfaces.

This could explain why later reflections in the calculation model are lower in level
than by measurement.

All three monitors reveal reflections just after 3 ms , the measurement with monitor
A3 shows a strong reflection at 9.5 ms. The reflection at around 3 ms originates
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from the ceiling whereas the later reflection from monitor A3 is hard to determine.

Cumulative energy curve

It is mainly the first reflections up to 1 ms that contribute to the total sound field
in room when looking at the CEC by measurement.

As for the LEDE, this contribution takes longer for the calculated CEC. When look-
ing at individual octave bands, it is mainly octave bands 125 Hz and 250 Hz that
cause the slower steepness until reaching the final level.

Additionally, the shift in time contributes as well.

The total value by calculation is around 20 dB higher than the measured total value.
This means that the gain is higher for the calculation than for the measurement.
This can not be seen in the impulse response or energy time curve as they are nor-
malized to the sound pressure level 1 m on axis.

These first reflections that are contributing most to the sound build-up are reflections
from the console.
Later reflections have only minimal effect by measurement and none by calculation.

Frequency response

The frequency responses differ much between the different monitors and from mea-
surement and calculation.

For the frequency responses to agree it is crucial that the gain corresponds over the
whole frequency range. As mentioned for the CEC this is not the case for the sur-
round studio.

The frequency response by measurement is flat up to 2 kHz and decreases after that.
The frequency response by calculation is flat between 1 kHz and 18 kHz and de-
creases for higher frequencies.

The calculated frequency response corresponds more to an ideal behavior of the
used loudspeaker. Real measurements show that the loudspeaker does not fulfill the
theoretical expectations.
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5.2.2 Quality of the studio

The surround sound studio has a very flat reverberation time as seen in the measures T20
and T30. The early decay time differs more in frequency.

Still, the reverberation times are around 0.2 s which is very short and gives the impression
of a dry room. This short reverberation time is good for a control room that is reserved
for speech.

Also it is good for the studio’s quality that the EDT and T20 and T30 are in the same
range. This indicates an uniform decay.

The impulse responses and the energy decay curves states that the most dominant reflec-
tions occur in the first millisecond. These originate from the console. The cumulative
energy curve indicates that it is mainly these that contribute to the sound build-up in the

room.

They are 10 dB lower than the lower sound so the Haas effect does not occur in this case.
According to Gervais, they could lead to a tonal coloration (Phase 1 reflections).

The following figures show the frequency responses on a linear scale of the first 1 ms for
all three monitors:
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Figure 78: Frequency response [dB] for monitors A1l (top graph), A2 (middle graph) and
A3 (lower graph) in surround studio. Linear scale
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Looking at these figures a slight comb filtering can be seen but it is not as severe as for the
LEDE (see figure 74). The mixing position is not affected of coloration due to the console.
Compared to the LEDE, the console in the LEDE was much closer to the monitors as they
were placed on the meter bridge.

The monitors in the surround studio are integrated into the wall.

Another benefit of this placement can be seen in the lack of dip in the low frequency range.
Only monitor A2 has a weak dip at 80 Hz. This can be caused by the closed back of the
console. Only monitor A2 is affected as it faces the console-back straight and not angled
as the other monitors.

In total, the best quality of this studio is that there are no dominant later reflections

and that the strong early reflections do not cause coloration of the sound at the mixing
position.
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5.3 Studio 42

5.3.1 Comparison between measurement and calculation

91

e EDT, T20 and T30

As seen in figures 42 and 43, the shape of the EDT corresponds well from 2 kHz be-
tween measurement and calculation for both loudspeaker positions. The calculated
values are slightly higher than the measured.

For T20, there is good correspondence from 500 Hz on for both loudspeaker posi-
tions.

For T30, loudspeaker position Al corresponds better than A0 with agreeing levels
from octave band 500 Hz.

The Schroder frequency was calculated to be 155 Hz in Studio 32. The results indi-
cate that the Schroder frequency is a too low limit for a reliable calculation model
with geometrical acoustics. Studio 42 is a very small studio. The calculation model
agrees well from 3 times the Schroder frequency for T20 and T30. This corresponds
better with the findings of Bengt-Inge that are mentioned in the manual [10].

Loudspeaker position Al shows better correspondence for T20 and T30 than loud-
speaker position AQ. This could be due to the loudspeaker position. Loudspeaker
position Al was placed in the corner of the room. In this way it excited the room
better than the placement for AO.

Another interesting finding is that the lower frequency band is calculated much
higher in T20 and T30 than by measurement. This could indicate the use of bass
traps / Helmholtz resonators in Studio 42. As mentioned in section 3, I did not have
information regarding bass traps and did not implement them in my room model.

Impulse response
The impulse response for the loudspeaker position A0 does not show much corre-
spondence. The impulse response corresponds better for loudspeaker position Al.

The direct sound of the measured loudspeaker position AQ is much lower than for
loudspeaker position Al. The IR of loudspeaker position A0 shows no distinct re-
flections after 3 ms. The low direct sound level is not as strong to excite the room
sufficiently hence reflections are also weak.

As the loudspeaker position Al is in a corner of the room with direct sight to the
listening position, the direct sound is stronger and the sound energy is directed to-
wards the room. Loudspeaker position AO was placed at the corner between door
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and window, the corner pointing inside the room. The loudspeaker was also slightly
shielded by the studio table and the computer screens. In reality, the sound was
probably diffracted at the corner, the table and the screens before reaching the re-
ceiver. Diffraction is not modeled in my calculations which might explain the weak
correspondence for loudspeaker position AO.

Especially the early reflections up to 8 ms correspond well in time for loudspeaker
position Al.

Energy time curve

The energy time curve does not differ much from the analysis for the impulse re-
sponse. The ETC for loudspeaker position Al shows better agreement than position
A0.

It is harder to distinguish strong reflections in the measured ETC for both loud-
speaker positions. The strength of several reflections is only 5 dB less than the
direct sound.

The calculated ETC for both loudspeaker positions shows strong peaks at 9 ms for
A0 and at 7 ms for Al . These reflections are around 10 dB lower than the direct
sound. All other reflections are at least 20 dB lower than the direct sound.

The ETC by calculation contains reflections that are weaker than the direct sound
when compared to the measurement. This is due to the fact that the direct sound
by calculation is stronger than by measurement. The computer screens on the table
are shielding reflections from the receiver position that would have bend otherwise.

Cumulative energy curve

For the cumulative energy curve, I could see better agreement for loudspeaker posi-
tion AO than for Al. The slopes behave similarly by measurement and calculation
for loudspeaker position AO.

Reflections involved in the sound build-up are more distinct in the measured CEC
than in the calculated CEC.

The sound build-up with loudspeaker position A1l takes more time and more reflec-
tions are involved by measurement than by calculation.

The CEC shows that it is not enough to have a good correspondence in time. The
ETC for loudspeaker position Al shows that the reflections do correspond in time
but are much weaker in level from the calculated room model. In respect to that,
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they do not contribute as much to the total sound build-up in the room which makes
the curve flatter. Hence, measured and calculated CEC agree less.

Frequency response

The loudspeaker is not able to feed the lower frequencies with enough power, hence
the low levels up to around 63 Hz for both loudspeaker positions seen in the mea-
sured frequency response. At 18 kHz there is another dip also caused by the used
loudspeaker.

The calculated FR on the other hand gives a more ideal picture of the room with
more flatness and less distinct interference pattern.

As explained for the previous rooms, the frequency response up to the Schroder
frequency is not reliable.

The results for the frequency response do not correspond between measurement and
calculation.

This is mainly caused due to the source properties (directivity, gain, position) used
in the calculation model.
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5.3.2 Quality of the studio

The EDT is quite flat for the higher frequencies, for the lower it fluctuates more. T20
and T30 are linearly decreasing from the lower to the higher frequencies and take values
between 0.3 s and 0.18 s. The reverberation time is short which is a good quality for
a studio. However, the fact that the lower frequency band has longer reverberation time
could cause the room to seem bassy as the lower frequencies will need more time to die out.

The ETCs for both loudspeaker positions contained a lot of reflections that are only 5
dB weaker than the direct sound. The plots for the LEDE (figures 21 and 22) and the
surround studio (figures 33, 34 and 35) show that the reflections are much lower than the
direct sound.

The boundaries of studio 42 are less treated which can be seen in the amount and strength
of dominant reflections.

The CEC shows additionally that a lot of reflections, also later ones, contribute to the
total sound build-up.

The chosen loudspeaker positions do not represent in any way how the studio is used.
The monitors used in the studio are placed on the table (see figure 3.1.3). The reflections
stated above might not be the reflections that can disturb the technician. Still, I found
it interesting to see where the most dominant reflections might come from when reaching
the receiver position.

The CATT tool Image Source Model showed clearly that a lot of reflections in the first ms
after the direct sound come from the window behind the table and the ceiling. Reflections
around 7 ms originate from the cupboard that is on the left hand wall next to the table.

As for the LEDE, T can imagine that the table itself is causing an early reflection as the
monitors are placed right above the table and it is a big, flat surface.

The frequency response shows a clear interference pattern for the chosen loudspeaker po-
sitions.

A weakness of this studio are the numerous windows that are installed in the studio. Only
one window serves as a visual contact towards the adjacent studio so that one of them
could be used as a control room. The remaining windows are facing the corridor. They
are only installed to have insight into the studio and light intake. Unfortunately, they
cause reflections that deteriorate the studio quality.

During the four occasions I visited the Kanalhuset and Studio 42, the program presenter
wore headphones every single time. As it is a radio broadcast, it makes sense to use head-
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phones in order to avoid feedback. When a microphone is turned on in a radio studio, the
monitors automatically mute. The only way to monitor the broadcast in this situation is
by using headphones.

The headphones excuse the poor design with several windows in the studio.

The monitors on the table are probably not used that much.
For radio broadcasting, the aim of the studio is not to produce excellent sound for high

developed hifi-systems. It is rather to monitor the sound in a way that it sounds good in
an average living room for domestic purposes.

95 95 CHALMERS, Master’s Thesis 2014:107



5.4 Studio 32

5.4.1 Comparison between measurement and calculation

96

e EDT, T20 and T30

As for the other studios, EDT deviates the most between measurement and calcula-
tion. The two loudspeaker positions give different curves by measurement. Whereas
EDT by loudspeaker position is flat, EDT by loudspeaker position Al is decreasing
in frequency.

The impulse response in figure 54 contains a weak direct sound by measurement for
loudspeaker position AQ.

The flatness of the curve seen for the EDT is not reliable. It is more realistic that
the EDT follows the same pattern as T20 and T30 for loudspeaker position Al:
decreasing in frequency.

EDT calculated with loudspeaker position AQ agrees well in pattern from octave
band 1 kHz but the calculated EDT is shorter.

As it is more difficult to get good agreement for EDT, it is better to focus on T20
and T30.

T20 and T30 are much alike for both loudspeaker positions respectively by measure-
ment and calculation.

Octave band 125 Hz has a much longer calculated reverberation time than higher
octave bands.

This indicates the use of Helmholtz resonators that are tuned for this octave band
or a lower octave band that would affect 125 Hz too. As well as for studio 42, the
acoustic consultant could not provide me with this information.

In general, T20 and T30 agree well from 1 kHz for loudspeaker position A0 and 2
kHz for loudspeaker position Al on.

The Schroder frequency of this studio is 187 Hz. Studio 32 has the lowest volume of
all the studios. Here, Bengt’s statement that for small rooms such as control rooms
and studios typically only the upper octaves 1,2 and 4 kHz will be well predicted
agrees well with the results from figures for T20 and T30 in 52 and 53.

Impulse response

The impulse responses in figures 54 and 55 show a weak direct sound by measure-
ment for loudspeaker position A0 and a non-existing calculated direct sound for
loudspeaker position Al.
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The weak direct sound that was measured for loudspeaker position AQ is probably
caused by the shielding of the table. The table position was adjusted for a standing
person and the loudspeaker placed on the floor. The loudspeaker might have been
oriented in an unfavorable angle towards the receiver so that a part of the sound was
reflected on the bottom of the table. This would cause a weaker direct sound.

The ray tracing option of the image source model shows that the direct sound from
the source reaches the receiver in a straight line in the calculation model. The ray
passes just over the edge of the table.

The first reflections in the first millisecond correspond between measurement and
calculation. The reflection is a floor reflection. The measured reflection at 2 ms (2.3
ms in calculated IR) originates from the big window behind the listening position.
The shift in time corresponds to around 10 cm and could just be caused by a different
hitting point of the specular reflection in the calculation model or a slightly shifted
loudspeaker or microphone position.

The distincet reflections in the calculated IR is a first order reflection at 6 ms and
second order at 9 ms associated to the big tilted window. The measured direct sound
is too weak to cause distinct reflections after 5 ms.

For loudspeaker position Al, the direct sound by measurement is stronger than for
the previous position. On the other hand, there is no direct sound for the calculated
1R.

The results do not agree at all which is not extraordinary given that the sound source
is completely shielded off from the receiver in the calculation.

Energy time curve

The energy time curve does not add any new information.

The direct sound that is measured with loudspeaker position A0 and calculated with
position Al is too weak and deteriorates the agreement of the results.

Cumulative energy curve
The cumulative energy curves do not correspond well between measurement and
calculation as could be expected from previous results.

The calculated CECs are flat from 4 ms and no later reflections contribute strongly
to the sound build-up.

The measured CECs on the other hand contain frequencies in the first 4 ms that are
mainly contributing. Later, the slope is increasing and flattens out around 18 ms.
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e Frequency response
The frequency responses do not correspond well between measurement and calcula-
tion which agrees with the previous results.

There are several strong negative interferences that cause dips in the measured FR.
The calculated FR has much weaker dips. Also, the calculated FR is flatter over a
larger frequency range than the measured FR.

In reality, the loudspeaker is not able to feed frequencies lower than 60 Hz and higher
than 5 kHz with enough power which can be seen in lower levels for these frequencies.

The Schroder frequency is 187 Hz for studio 32 which can be seen very well in the
FR. The results below 200 Hz are not reliable for both loudspeaker positions.
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5.4.2 Quality of the studio

The evaluation of the studio quality is restricted to loudspeaker position Al as the direct
sound is stronger and the results more reliable.

EDT, T20 and T30 are decreasing in frequency. As discussed for studio 42, also studio 32
runs the risk that the room may sound bassy.

The strongest reflection occurs at 3.5 ms. According to the energy time curve, this reflec-
tion is almost as loud as the direct sound. The cumulative energy curve adds that it is the
direct sound, the floor reflection and this reflection that contribute mainly to the sound
build-up in the room.

The reflection at 3.5 ms is associated to the big tilted window behind the listening position.

In general, the energy time curve shows an overall high level of sound where several re-
flections are only 15 dB lower than the direct sound.

Studio 32 has two big purely reflecting surfaces that are facing each other. The tilted
window omits flutter echoes but there are a lot of reflection build-up that deteriorates the
studio quality.

The frequency response for loudspeaker position Al shows an interference pattern. This is
mainly caused by the reflection at 3.5 ms which can be seen in the following figure showing
the frequency response of the first 4 ms.
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Figure 79: Frequency response [dB] for loudspeaker position Al in studio 32 for the first
4 ms.

The combs are clearly seen in the above figure.
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However, as for the previous studio 42, the program presenter used headphones during my
visits to Kanalhuset. It can be expected that the small monitors on the table are not used
very often.

To summarize the qualities of the studio, the two facing windows are not favorable for the
sound environment that the program presenter experiences at the listening position. The
ceiling is lower just above the table which improves the situation slightly.

The windows are not facing towards an adjacent studio or control room. They only face
corridors on each side and are not necessary for radio broadcasting as they do not serve
as a contact possibility. It is unfortunately not really comprehensive why they have been
designed so big.

On the other hand, the studio is a studio for radio broadcasting where the program pre-

senter controls the sound by himself, probably wearing head phones during the whole
program. So in this context, the studio works just fine.
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5.5 Studio 31

5.5.1 Comparison between measurement and calculation

101

e EDT, T20 and T30

The figures for EDT, T20 and T30 for loudspeaker position AO show that they do
not correspond between measurement and calculation.

The calculated impulse response in figure 64 for this loudspeaker position contains
no direct sound at all. The calculated results for loudspeaker position AQ are not
reliable after all.

Loudspeaker position A0 was placed in the corner of two windows in front of the
table. The table and the computer screens probably shielded the source from the
receiver in the calculation. In reality, the sound waves would bend around the ob-
ject’s edges.

Loudspeaker position Al is placed in the corner next to the cupboard behind the
receiver position.
EDT shows no correspondence at all. As said earlier, is is hard to predict the early
decay time right.

T20 and T30 showed much better correspondence. T20 is affected by the surround-
ing absorbing surfaces and is slightly lower than the measured values. T30 is longer
for frequencies above 1 kHz.

The Schroder frequency for studio 31 is 151 Hz. At the first sight, it seems that
there is good agreement over all octave bands. But it is hard to judge the effect
of the Schroder frequency as T20 and T30 are calculated lower respectively higher
compared to the measurement.

Impulse response
As just said above, the impulse response by calculation contains no direct sound as
it is shielded off by the table and the computer screens.

However, there are some reflections in the the first 5 ms that are corresponding.
These reflections can be associated to the ceiling and the floor.

The measured and calculated IR for loudspeaker position Al are agreeing in the
first 5 ms with some corresponding peaks and dips. The surfaces that cause these
reflections are the cupboard and the floor.
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Later reflections are very low for the calculated IR. The loudspeaker was placed in
a corner that is surrounded by absorptive materials (walls and ceiling). A lot of the
sound energy disappears in the absorption material in the calculation model.

I chose the loudspeaker positions in studio 31 in order to excite the room best, that
means in corners. The placement caused shielding for one loudspeaker position and
too much absorption for the other. The placement of loudspeaker positions should
be improved in the future in order to get more reliable and corresponding results.

Energy time curve

The energy time curve picks up the conclusion drawn for the impulse response. There
is some correspondence in the first 5 ms.

Loudspeaker position A0 corresponds less than Al.

The reflection levels compared to the measurement are much lower by calculation.
For A0, this is due to the weak direct sound. For Al, it is due to the ideal absorption
in the corner.

Cumulative energy curve

The CECs for loudspeaker position A0 do not show much correspondence as ex-
pected from previous results. The CECs for loudspeaker position Al basically only
correspond after 12 ms where the slopes are increasing in a likewise angle.

For the calculated CEC, it is mainly the direct sound and a stronger reflection at
2 ms that build up the sound in the studio. However, several weaker reflections
contribute all the way and cause an increasing slope.

The measured CEC corresponds in the way that reflections up to 8 ms contribute
mostly. There are several weaker reflections and not a distinct reflection that build
up the sound with the direct sound.

Frequency response

Results below the Schroder frequency are not reliable in the calculated FR.

Whereas the calculated FR is rather flat up to 18 kHz, the measured FR is flat in a
much narrower frequency range and fluctuates much more.

The source file should be improved in order to match the measured and calculated
results better. A slight shift in positions, the directivity and gain are all factors that
influences the frequency response.
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5.5.2 Quality of the studio

Studio 31 has the same tendency as studio 42 and 32 when it comes to octave band 125
Hz: the reverberation time is longer than for higher frequencies.

The curves are not uniform and differ much in frequency and between the parameters.
Although the reverberation time is very short which is a good quality of the studio, the
fluctuations in frequency can create a sound decay that is unpleasant.

The energy time curves reveal that there are some early reflections up to 5 ms that are
only some dB lower than the direct sound. The cumulative energy curves show that it is
these that contribute most to the sound build-up in the room.

For loudspeaker position A0, these reflections are caused by the windows and the floor.
For loudspeaker position Al, the cupboard is the reason.

The cumulative energy curves are increasing in the first 20 ms which means that several
later reflections are building up the sound. These reflections can be caused by the windows
that reflect the sound specular.

40 % of the rooms surfaces are covered with windows. None of these windows serves as a
contact possibility and seem unnecessarily big to me.

During measurement occasion, some absorption material was loosely leaned towards some
windows.

Figure 80: Loose absorption material in studio 31. Photo: Tina Roth

The frequency responses indicate the presence of coloration in the room.

However, as for the previous broadcasting studios the program presenter wears usually
headphones which makes the room’s properties less important.
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6 Conclusion

The aim of this Master thesis is to investigate sound reflection patterns in studio and
control rooms. For this purpose, measurements and calculations in five studio and control
rooms are compared. Furthermore, the quality of the studio is judged upon the measured
results.

The study of reverberation times in the studio and control rooms has shown that for stu-
dios with larger volume (Studio 12 - LEDE, Studio 31) or studios that are well designed
for acoustical purposes (Surround studio) the Schrioder frequency is corresponding to the
frequency limit from which measurement and calculation correspond well.

For smaller studios that are less acoustically developed (Studio 32, Studio 42), the Schréder
frequency is a too low limit and agreement between measurement and calculation rather
occurs for 4 times the Schroder frequency.

A room model in a calculation program is an approximation of reality. The aim is to find
a good balance in detail so that the calculation time is kept short and the model gives
realistic results. The surfaces in a calculation model are assigned with absorption and
scattering coefficients.

For small rooms such as the studio and control rooms investigated in this thesis, it is
crucial to have correct data for all materials. Furthermore, the source file is important for
good correspondence of results. The source position, directivity and gain matter much in
these small rooms.

Impulse response, early decay curve and cumulative energy curve are all tools to investigate
reflections. The impulse response shows the dominant reflections most clearly. However,
it is easy to only focus on positive pressure fluctuations but also negative pressure fluc-
tuations should be considered. In the early decay curve which plots the impulse response
on a dB scale over time, the level difference between direct sound and reflection are read.
Once knowing the strongest reflections, the cumulative energy curve helps to judge how
important they are for the sound build-up of the room.

The frequency response then gives a picture of the sound level per frequency. Most rooms
reveal interference patterns in the frequency response. Information in the early decay
curve about the reflections strength compared to the direct sound can help to judge if the
reflection causes psychological perception effects such as Haas effect or coloration.

The LEDE and the surround sound studio show rather good correspondence between mea-
surement and calculation for all parameters apart from the frequency response.
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The other studios show good correspondence when the direct sound by neither measure-
ment or calculation is reduced or omitted by shielding of the receiver from the sound source.

For future investigations, careful preparation of a measurement is desirable. When placing
the own loudspeaker in the broadcasting studios, I only chose corner positions because I
wanted to excite the room the most. I did not pay attention to an eventual shielding of
the receiver.

The results mostly correspond up to 5-10 ms depending on the room. The calculations
usually contain more distinct reflections for later sound arrivals. The measured energy
time curves contain no such reflections in most of the rooms.

The calculation is based on algorithm 1 with a max ray split up order of 2. Rays that
are of higher order than two, are not split up deterministically. Instead, the reflections
are determined randomly from the scattering coefficients. This can cause more specular
reflections also for higher orders. The CATT tool "image source model” reveals several
higher order reflections that cause strong later peaks in the impulse response.

In reality, the design of the rooms and choice of material omit strong reflections after 10 ms.

However, the cumulative energy curves shows that for the three broadcasting studios sev-
eral reflections arriving up to 20 ms after the direct sound are involved in the sound
build-up in the studio. The slope is increasing in time.

The surround sound studio is the studio that has the flattest cumulative energy curve and
where no reflections after 2 ms contribute to the sound build-up. This corresponds well to
the calculated results.

The frequency responses show least correspondence between measurement and calculation.
Here, the source file in the calculation model is crucial to obtain results that agree with
reality.

As I could not get hold of accurate directivity data from the producers, I used directivity
files from similar loudspeakers. In the future, the measurements should be performed with
loudspeakers where the directivity is well known or can be measured.

The quality of the studios is judged on the measured parameters. The surround studio
has the best quality compared to the other studios. The reverberation times are flat,
reflections appear only in the first 2 ms and are of very low level. The frequency response

shows no interference pattern.

The LEDE has a flat reverberation time and low reflection levels but the earliest reflections
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from the console cause coloration of the sound that might be audible. Also, there are some
later reflections that contribute to the sound build-up.

The three broadcasting studios have all reverberation times that decrease in frequency
and can give a bassy impression. The reflections are contributing to the sound build-up
also for later sound arrivals. The frequency responses all reveal interference patterns.

The broadcasting studios are characterized by big window surfaces. These windows are
mostly facing towards the corridors and only provide insight and light intake. They are
unnecessarily big in my opinion and deteriorate the studios quality.

However, during my visits at Kanalhuset I witnessed that the program presenters wore
headphones in these studios and the small monitors on the tables were not used. This
reduces the importance of the room’s quality.

The broadcasting studios were chosen in the first place because the sound technicians ex-
perience that especially Studio 31 and Studio 32 do not allow a good working environment
acoustically.

Furthermore, I want to name some future improvements that were discussed during my
thesis presentation.

For the impulse response, it is more correct to study single octave bands. As the calcu-
lation model is by experience valid for higher octave bands only, the lower octave bands
can distort the figure of the total impulse response.

Additionally, the results would be more correct if I had corrected the measured impulse
response with a measurement of the sound pressure level 1 m on axis. In this way, 1
would have compensated the measurements from the loudspeakers frequency range. The
monitors used in the LEDE and the surround studio show that they are not flat over the
whole frequency range.

For the thesis, I performed the measurements first and ran my calculations afterwards. It
could be beneficial for the outcome of the thesis to calculate the rooms first. In this way,
the calculated results might give indications of problematic reflections that can be further
investigated by measurements.

In the future, it might be better to focus on one room and put more time in developing a
good measurement program in order to get better correspondence with calculation. It is
hard to get hold of source data from producers that are accurate. In the future, the used
sound source should be studied carefully in order to have correct and reliable input data
for the calculation model.
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