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ABSTRACT

This research presents a thorough evaluation of the reverberation room at Acoustics Laboratory in National Insti-
tute of Standards (NIS) according to the related international standards. The evaluation aims at examining the
room performance and exploring its effectiveness in the frequency range from 125 Hz to 10000 Hz according
to the international standard requirements. The room, which was designed and built several years ago, is an irre-
gular rectangular shape free from diffusers. Its volume is about 158.84 m’, which meets the requirement of the
ISO 354 standard Ly, < 1.9V, Cut-off frequencies of one and one-third octave are 63 Hz and 100 Hz respec-
tively; however Schroder frequency is 400 Hz. Calculations of cut-off frequency and modal density showed ade-
quate modes that give acceptable uniformity starting comfortably from frequency of 125 Hz. The room has a
reverberation time that is suitable for its size over the frequency range of interest. The room sound absorption
surface area and its sound absorption coefficient satisfy the criteria given in ISO 3741 and ISO 354. There is
an accepted diffuse sound field inside the room due to the standard deviation of measured sound level, which
is less than 1.5 dB over all the frequency range. The only exception was 125 Hz which may be due to a lack
of diffusivity of the sound field at this frequency. The evaluation proves that the NIS reverberation room is in
full agreement with the international standards, which in turns qualifies the room to host measurements inside
without concerns.
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1 Introduction

Reverberation rooms are of great importance in the field of acoustics. Inside the reverberation room, we
can test the performance of loudspeakers and microphones. In addition, we could measure the acoustic power
of sound sources and sound absorption coefficient of materials. The Combinations of reverberation rooms are
used to evaluate transmission properties of building materials as well as absorption characteristics of noise
control products. The reverberation room is considered a special test room that is used to introduce a diffuse
sound field. This field is considered to be perfectly diffused in a room of volume V, if the energy density is the
same on all points of this room, and it can be built by a superposition of an infinite number of freely
propagating plane waves, such that all directions of propagation are equally probable and the phase
relations of the waves are random [1]. There have been several attempts in the past to study the
characteristics of different reverberation rooms. Mehadi et al. [2] proposed the sizes and shapes of
reverberation rooms which give the better diffuse field and consequently the accurate measurements.
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Scrosati et al. [3] studied the variation of the sample’s sound absorption coefficient due to the variation of the
mean free path due to the introduction of diffusing elements. del Rey et al. [4] built an automated small-sized
reverberation chamber of volume 1.12 m®, which allows for the testing of samples of 0.3 m?® The
standardized reverberation chamber of the Higher Polytechnic School of Gandia was used as a reference
when designing this chamber and several comparison studies of the measurements between them are
carried out. Alexander [5] successfully created a small scale reverberation room with volume 48 m?,
which provides the benefit of accelerating the research and development process, saving both time and
resources but causes greater uncertainties at low frequencies. Due to the importance of reverberation
rooms, we carried out a detailed study of the NIS reverberation room so as to evaluate its performance
and compliance with international standards. The design, cut-off frequency, modal count, modal density,
spatial uniformity, reverberation time, sound absorption surface as well as the back ground noise have
been tested and presented in this research. ISO 354 [6] and ISO 3471 [7] standards have been taken as
reference standards.

2 Methods to Characterize the Reverberation Room

2.1 The Room Design

The entire room is constructed from hard concrete walls painted by soft cement. The room floor is
slightly inclined and covered with ceramic. The room is of irregular rectangular shape no two
corresponding surfaces are parallel. As it is shown in Fig. 1, the room dimensions are (average length
Ly = 6.31 m of two lengths 6.30 m and 6.32 m), (average width L, = 5.975 m of two widths 6.0 m and
5.95 m) and (average height L; = 4.213 m of three heights 4.18 m, 4.19 m and 4.27 m). The length of
the longest straight line (the major diagonal of the room L., = 9.66 m), the total volume
V = 158.84 m’, the total surface area of the room S = 2(LyLy + LyL, + LL,) = 178.92 m? and the sum
of the lengths of all edges L = 4(L + L, + L,) = 65.99 m.

Figure 1: A schematic diagram shows the NIS reverberation room

2.2 Experimental Arrangement

The instruments used for measuring the sound pressure level and the reverberation time included
omni-power sound source of type B&K 4296, power amplifier of type B&K 2716, 1/2 inch microphone
type B&K 4189 and attached into sound level meter type 2260 for 1/3 octave band spectrum analysis,
are indicated in Fig. 2. The measurement chain was calibrated before each measurement using sound
level calibrator type B&K 4231.
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Figure 2: Sound level meter, sound level calibrator, microphone with preamplifier, cables and omni-power
sound source

2.3 Cut-off Frequency

The main function of the reverberation room is to produce diffuse sound field. At the middle and high
frequencies, the sound field in reverberation room is almost diffused. However it is different at low
frequencies. The transition frequency which indicates the low frequency limit of the diffuse field is set in
terms of the cut-off frequency. Two cases are used to determine the low frequency limit. The first one is
cut-off frequency f. which depends on the room volume only and concerned with the modal count or the
least permissible number of modes at a given frequency band. Where, 20 modes per band are commonly
used. For one octave band, this number is obtained when the room volume is equal to the wavelength
cubed [8]. The cut-off frequency is given by:
fc =

<
Vv

where, c is the speed of sound = 343 m/s.

)

On the other hand, for a one-third octave band this number is obtained when the room volume is equal to
four times the wavelength cubed, and the cut-off frequency [9] is given by:

ﬁ=3;/4 )

The second case is known as the Schroeder cut-off frequency f,., which marks the transition from
individual well-separated resonances to many overlapping modes. fg, is given by [10]:

Jseh = 2000@ 3)

Schroder frequency depends on the room volume and reverberation time RT. The two different
approaches produce different limits and the most commonly used Schroeder limit is too restrictive [8].
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2.4 Modal Counts
To establish a diffuse sound field in the room, adequate normal modes must be stimulated in the
measuring frequency range, especially in the low frequency range. The approximate number of modes
N(f) with eigenfrequencies lying below a certain frequency f, can be calculated theoretically using the
formula [11]:
1 2oL f
N - V S — L~ 4
(1)~ gash it @
This equation is valid only for a rectangular room and provides overestimation of the number of modes
at low frequencies due to the consideration that it is a continuous function of frequency instead of discrete
one [12]. For room with irregular shape, the number of modes formula can be rewritten using statistical
concepts, as [13]:
6 af

2
N(f) ~ §V +4 +8V

where, S ~ 6V?/3 and L ~ 12V!/? [14]

i/ 5)

2.5 Modal Density

Like the modal count, the modal-density n(f) concept is also very useful to characterize the sound field in
the reverberation room especially in low frequency. It is the number of normal modes per unit frequency
bandwidth, and obtained by differentiating N(f) with respect to frequency [11]. For a regular room, it
could be given as:

dN(f 47zV L
R ©
However, for irregular room it is presented as:
dN 4nV 3l 12V3
) = T 2 3 a)

The modal count AN in a given frequency band Af, can also be calculated using this modal-density
concept as:

AN = n(f).Af ®)

For one-third octave band, Af is 23% of centered frequency f, and 71% for the on-octave band.

2.6 Spatial Uniformity

Spatial uniformity of the steady-state reverberant sound energy is one of the criteria that are needed to
characterize the diffused field. The standard deviation ogp; of the sound pressure level SPL, which is related
to the variance, is used. This quantity is considered as the descriptor to characterize the degree of field
diffuseness. The following expression can be used to calculate ogpy [11]:

- \2
rec L ; L
ospL = \/Z P_ll P) )

where, N is the number of receiver positions, Lp, is the SPL at the n™ receiver location and Lp is the
reverberant SPL averaged over all receiver locations. It has been accepted that the sound field in the
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reverberation room exhibits adequate diffuseness if 6gp; remains under 1.5 dB [1], and in order to be more
precise, ISO 3741 standard listed the maximum admissible standard deviation in Tab. 1 [7].

Table 1: Maximum admissible standard deviation prescribed by the ISO standard 3741

f (Hz) 100-160 200-630 800-2500 3150-10000

2.7 Reverberation Time (RT)

Reverberation time that measured using the interrupted noise method is considered as the most important
quantity for any reverberation room prediction. It is defined as the duration required for the space-averaged
sound energy density in an enclosure to decrease by 60 dB after the source emission has stopped, expressed
in seconds [15]. RT can be determined from the general form of Sabine’s reverberation time equation as:

v
RT =0.16— (10)
oS

This equation is referenced in international standards ASTM C423 and ISO 354 as the reverberation
time equation and is used in measuring absorption coefficients, where o is the average absorption
coefficient of the room surfaces.

Single-number values of reverberation time can be obtained according to ISO standard 3382 [16], where
it can be expressed as a single-number quantity by averaging its values in one-third octave bands from
400 Hz to 1250 Hz and by averaging its values in one octave bands from 500 Hz to 1000 Hz [17].

The standard deviation of the reverberation time ort can be used as a descriptor to characterize the
degree of field diffuseness. The following expression is used to calculate ot of measured RT [11]:

Nree _ P72
ORT = \/En_l (RT,, RT) (11)

Nrec - 1

where, N, is the number of receiver positions, RT,, is the measured RT at the n™ receiver location and RT is
the RT averaged over all receiver locations.

2.8 Sound Absorption Surface Area
The equivalent sound absorption surface area is an important parameter to qualify the reverberation
room. It is depending on RT and vice versa. Sabine’s equation can be rewritten as:

4
A=016— (12)
RT

where, A is the total area of sound absorption of the empty room, A = aS metric sabins.

It was specified by ISO 354 standard that in an empty room of V =200 m>, A shall not exceed the values
given in Tab. 2. If V differs from 200 m>, the given values shall be multiplied by (V/200)*.

2.9 Back Ground Noise
Back ground noise is one of the standard requirements for the measurements in reverberation room. So

the sound level of back ground noise was measured before each measurement, using the criteria of ISO
standard 3741.
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Table 2: Maximum equivalent sound absorption areas prescribed by the ISO 354 standard

f(Hz) V200(m’) V15884 m’) f(Hz) V200(m’) V15884 (m)

125 6.5 5.6 1000 7.0 6.0
160 6.5 5.6 1250 7.5 6.4
200 6.5 5.6 1600 8.0 6.9
250 6.5 5.6 2000 9.5 8.1
315 6.5 5.6 2500 10.5 9.0
400 6.5 5.6 3150 12.0 10.3
500 6.5 5.6 4000 13.0 11.1
630 6.5 5.6 5000 14.0 12.0
800 6.5 5.6

3 Results and Discussions

3.1 The Room Design
The NIS reverberation room was built with an irregular rectangular in shape of volume 158.84 m>. The

lowest one-third octave band frequency of interest is 125 Hz according to recommendation of ISO
3741 standard. L, fulfills the condition of ISO 354 standard, L.« < 1.9V'"3.

3.2 Cut-Off Frequency

The cut-off frequency f.: for one-octave band as per Eq. (1), f, is 63 Hz and for one-third octave band
from Eq. (2), is 100 Hz. This means that the room has at least 20 modes per octave band [&] at frequency
> 63 Hz. However for measurements of one-third octave, it has at least the same number of modes [9] at
frequency >100 Hz. The obtained results confirmed that the NIS reverberation room has a diffuse sound
field above these calculated frequencies, and the measurements inside the NIS room can be performed
with adequate modes which give acceptable uniformity starting from frequency of 125 Hz, which is
consistent with the recommended room volume by ISO 3741.

The Schroeder cut-off frequency f;.,: according to Eq. (3), the calculated Schroder cut-off frequency
fsch, Which is the transition from individual separated resonances to many overlapping normal modes, is
nearly 400 Hz for one octave and one-third octave frequency. This cut-off frequency which is depending
on the volume and measured RT of the room confirms that the NIS reverberation room has many
overlapping modes and highly diffusivity starting from 400 Hz.

3.3 Modal Compositions

The modal compositions of NIS reverberation room like the number of modes, modal density and
the modal count are calculated using Eqgs. (5), (7) and (8), respectively. Tab. 3 shows the results that have
been obtained.

The perfectly diffuse sound field is established when at least 15-20 normal modes are excited within the
one-third octave band [18] or it can be established in a rectangular room if there are at least 20-30 modes in
the measurement bandwidth [1]. Tab. 3 shows that the calculated numbers of modes, which dependent on
room volume, acquire the NIS reverberation room perfect diffused field and make it suitable for
measurements starting from 100 Hz. Moreover it can be used comfortably from 125 Hz. It can be seen
easily that this results are compatible with the results of cut-off frequency.
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Table 3: Modal composition of the reverberation room

f (Hz) N() n(f) AN 1/3-Octave band AN One-Octave band
16 0.76 0.08 0.28 0.85
20 1.09 0.09 042

25 1.61 0.12 0.66

31.5 2.47 0.15 1.08 3.34
40 3.95 0.20 1.85

50 6.30 0.27 3.11

63 10.48 0.38 5.45 16.82
80 18.22 054 994

100 31.26 0.77 17.72

125 54.70 1.12 32.08 99.02
160 103.72 1.71 62.77

3.4 Spatial Uniformity

Spatial uniformity of the reverberation room was tested by using the measured sound field distribution
inside the room. The average sound pressure level was measured using the procedures and requirements of
ISO 3741 standard, where a number of 30 points have been chosen that are due to 6 positions of microphones
for each 5 locations of the sound source. B&K type 4295 omnidirectional sound source was used to introduce
broad band noise. The excited noise was recorded and analyzed using microphone B&K 4189 attached with
modular precision sound analyzer B&K 2260. The measured average SPL and ogp; are listed the Tab. 4.

Table 4: Measured sound pressure level and standard deviation of the reverberation room

f (Hz) 1/3-Octave band One-Octave band
SPL (dB) ospr (dB) SPL (dB) ospr (dB)

125 89.8 1.8 98.3 1.3
160 97.3 1.5

200 99.9 1.5

250 96.3 1.3 102.8 1.2
315 97.7 1.2

400 97.2 1.2

500 97.4 1.1 101.9 0.7
630 96.7 0.6

800 99.8 0.8

1000 99.1 0.8 104.0 0.5
1250 99.9 0.8

1600 99.4 0.9

2000 99.0 0.8 103.1 0.6

(Continued)
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Table 4 (continued).

f (Hz) 1/3-Octave band One-Octave band
SPL (dB) ospr (dB) SPL (dB) ospr (dB)

2500 97.4 0.8

3150 94.6 0.8

4000 91.1 0.7 96.8 0.5

5000 88.4 0.6

6300 86.6 1.0

8000 83.6 1.0 89.3 0.7
10000 81.7 1.1

The indicated values of ogpr in Tab. 4 at many frequencies are not satisfying the specified values in
Tab. 1, which offers maximum admissible standard deviations prescribed by the ISO 3741 standard.
However the values of ogpy are acceptable. The sound field in the NIS reverberation room exhibits
adequate diffuseness, because values of ogpy over all the frequency range are less than 1.5 dB [1], except
at 125 Hz for one-third octave. Although the volume of the room, calculations of cut-off frequency and
modal compositions have shown good agreement for the room at one-third octave frequency band of
125 Hz according to the international standards requirements, however the practical measurements were
given otherwise. This may be due to a lack of diffusivity of the sound field at this frequency. The lack of
diffusivity may be because the room has no diffusers and the irregularity of its shape is very little.

3.5 Reverberation Time (RT)

Measuring B&K system consists of power amplifier type 2716, omnidirectional sound source type 4295,
microphone type 4189 and modular precision sound analyzer B&K 2260 with sound analysis software BZ
7830, were used to generate the sound in the reverberation room and record the average reverberation time
RT. The average RT inside the reverberation room was measured using the instrumentations, procedures and
requirements stated in the ISO 354 standard. The environmental conditions were taken in to account where
the temperature and relative humidity were within the conditions of the standard during the period of
measurement. The room is not large enough (i.e., those with volumes greater than 500 m>) to cause air
absorption at high frequencies. This in turns may lead to inaccurate measurement of the RT. The
measured RT and RT standard deviation ory are shown in Tab. 5.

The results of Tab. 5 show that the measured reverberation times of the NIS reverberation room satisfy
the condition of ISO standard 3741, so that RT over the frequency range of interest should be greater than
V/S. Reverberation time at one-third octave of frequency 125 Hz may be above the real value inside the
room, which may due to lack of diffusivity as mentioned in item (3.4). This lack may be treated in the
future via using some diffusers inside the room.

According to ISO 3382 standard, the single-number values of measured reverberation time are 6.45 s for
one-third octave frequency band, and 6.38 s for one octave frequency band.

It is obvious that the values ort are below 0.5 s over all one octave frequency bands, while in one-third
octave bands they are below 0.5 s for all frequencies except 160 Hz, 315 Hz, 400 Hz and 125 Hz. The given
data in Tab. 5 shows small standard deviations [18].
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Table 5: Measured reverberation time and standard deviation of NIS reverberation room

f (Hz) 1/3-Octave band One-Octave band
RT (s) ort (8) RT (s) Orr (8)

125 8.01 1.03 6.74 0.49
160 6.72 0.62

200 5.07 0.41

250 6.03 0.30 6.94 0.33
315 7.98 0.52

400 8.12 0.54

500 7.57 0.45 7.52 0.24
630 7.24 0.29

800 5.98 0.46

1000 5.01 0.23 5.23 0.17
1250 4.80 0.36

1600 4.48 0.21

2000 4.35 0.20 4.38 0.09
2500 3.97 0.14

3150 3.43 0.19

4000 3.01 0.17 3.35 0.13
5000 2.39 0.12

6300 1.92 0.12

8000 1.46 0.08 1.88 0.06
10000 1.08 0.05

3.6 Sound Absorption Surface Area

The equivalent sound absorption area of the reverberation room was calculated by using Eq. (12), with
the aid of measured reverberation time. Tab. 6 shows the calculated equivalent sound absorption area A, and
average sound absorption coefficient of the surfaces a for NIS reverberation room.

By comparing the results in Tab. 6 with that of the standardized data in Tab. 2 up to 5000 Hz, it is clear
that the equivalent sound absorption surface area of the room satisfies the criteria which are given in ISO
3741 standard over the frequency range of interest for one-third octave and one octave. Furthermore the
average sound absorption coefficient a of the surfaces for the reverberation room satisfies the condition of
ISO 354 standard, where it does not exceed 0.06 to reach the frequency range of 6300 Hz for one-third
octave and 8000 Hz for one-octave. We pointed out earlier that there is a doubt in value of measured RT
at 125 Hz one-third octave; consequently, there is corresponding doubt in the values of sound absorption
area A and the average sound absorption coefficient of the surfaces a at the same frequency. However
these values still small enough to satisfy the conditions of ISO 354 standard.
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Table 6: Calculated sound absorption surface area and sound absorption coefficient

fHz 1/3-Octave band One-Octave band
A o A o

125 3.2 0.018 3.8 0.021
160 3.8 0.021

200 5.0 0.028

250 42 0.024 3.7 0.020
315 3.2 0.018

400 3.1 0.017

500 34 0.019 34 0.019
630 35 0.020

800 42 0.024

1000 5.1 0.028 4.9 0.027
1250 53 0.030

1600 5.7 0.032

2000 5.8 0.033 5.8 0.032
2500 6.4 0.036

3150 7.4 0.041

4000 8.5 0.047 7.6 0.042
5000 10.6 0.059

6300 13.3 0.074

8000 17.4 0.097 13.5 0.076
10000 23.5 0.131

3.7 Back-Ground Noise

The results of average measured SPLgy for the background noise SPLgy and the standard deviation oy
are shown in Tab. 7.

The given results of SPLgy in Tab. 7 are higher than those given in ISO 3741 standard of absolute
maximum background noise levels in the test room. Accordingly the requirements of standards for the
background noise should be taken into consideration at carrying out the measurements inside the room.

3.8 Uncertainty Calculations

For making the measurements reliable and comparable, the evaluation of uncertainty should be
introduced as per the requirements of ISO 17025:2017 [19]. In the case of sound absorption coefficient
measurement, the overall uncertainty is influenced by sound pressure level, reverberation time, volume of
the room and environmental factors [20]. The budget of uncertainty is shown in Tab. &.
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Table 7: Measured background noise and standard deviation

f Hz SPLgy dB opn B
125 37.2 1.0
160 35.6 1.0
200 33.7 0.9
250 32.1 1.1
315 31.0 1.3
400 29.5 0.9
500 28.2 0.8
630 27.4 0.6
800 27.1 0.8
1000 27.4 0.6
1250 26.8 0.5
1600 27.0 0.5
2000 272 0.5
2500 27.8 0.4
3150 28.6 0.3
4000 29.0 0.2
5000 29.8 0.1
6300 30.6 0.03
8000 31.4 0.05
10000 32.4 0.04

Table 8: Uncertainty budget of measurements

53

f Sources of uncertainty Combined Expanded
. . uncertamnty uncertainty
RT SPL Room volume SLM SLC Microphone Environmental factors
125 0.29 034 0.29 0.25 0.045 0.03 0.0006 0.35 0.70
160 025 0.28 0.29 0.25 0.045 0.03 0.0006 0.29 0.58
200  0.13 031 0.29 0.25 0.045 0.03 0.0006 0.26 0.53
250  0.10 0.22 0.29 0.25 0.045 0.03 0.0006 0.21 0.41
315 0.15 0.20 0.29 0.25 0.045 0.03 0.0006 0.21 0.42
400  0.21 0.19 0.29 0.25 0.045 0.03 0.0006 0.23 0.47
500  0.12 0.18 0.29 0.25 0.045 0.03 0.0006 0.20 0.39
630  0.12 0.10 0.29 0.25 0.045 0.03 0.0006 0.17 0.35
800  0.09 0.13 0.29 0.25 0.045 0.03 0.0006 0.18 0.35
1000 0.08 0.14 0.29 0.25 0.045 0.03 0.0006 0.18 0.35
1250 0.09 0.13 0.29 0.25 0.045 0.03 0.0006 0.18 0.35

(Continued)
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Table 8 (continued).

f Sources of uncertainty Combined Expanded
uncertainty uncertainty

RT SPL Room volume SLM SLC Microphone Environmental factors

1600 0.06 0.15 0.29 0.25 0.045 0.03 0.0006 0.18 0.35
2000 0.06 0.14 0.29 0.25 0.045 0.03 0.0006 0.17 0.34
2500 0.06 0.14 0.29 0.25 0.045 0.03 0.0006 0.17 0.34
3150 0.06 0.19 0.29 0.25 0.045 0.03 0.0006 0.19 0.38
4000 0.05 0.23 0.29 0.25 0.045 0.03 0.0006 0.21 0.41
5000 0.03 0.10 0.29 0.25 0.045 0.03 0.0006 0.16 0.32
6300 0.04 0.17 0.29 0.25 0.045 0.03 0.0006 0.18 0.36
8000 0.03 0.17 0.29 0.25 0.045 0.03 0.0006 0.18 0.36
10000 0.01 0.19 0.29 0.25 0.045 0.03 0.0006 0.19 0.37

4 Conclusions

A thorough evaluation has been carried out on NIS reverberation room and included its design, cut-off
frequency and modal compositions, the results showed that the room is efficient and has the ability to produce
uniform diffuse sound field inside it, starting from frequency 125 Hz. The experimental part of this study was
directed to find the spatial uniformity of the sound field inside the room; the results indicated that there is a
lack of diffusivity at 125 Hz one-third octave, which was subsequently resulted in some doubt in values of
measured reverberation time at the same frequency. The lack of diffusivity may be overcome in the future via
using some diffusers inside the room. NIS reverberation room is fully, or almost compliant with the volume,
reverberation time, sound absorption surface area, sound absorption coefficient and sound field distribution
of ISO 354 standard or ISO 3741 standard requirements, except the background noise.
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