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Abstract:  In many practical cases, the objective measures of airborne sound insulation using standard 

procedures do not agree with subjective assessments. This paper describes a calculation scheme based 

on the loudness level linked to the specific fluctuation strength and yields a weighted normalized loud-

ness level difference. Evidence has been presented through a subjective evaluation that the model can 

be considered to be a link between an objective and subjective evaluation. The stimuli offered in the 

experiment were electronically filtered sound samples representing the sound insulation of interest. 

Steady-state and non-steady state signals are used as stimuli. To differentiate the signal in terms of 

psychoacoustic measures, investigations of music type signals were focused on specific fluctuation 

strength. An assessment of identical airborne sound insulation experimental results has shown that 

steady-state signals were assessed to be significantly quieter than non-steady-state signals, which also 

yield greater specific fluctuation strength. As expected, sound insulation was judged differently for 

different sound samples. A simple level difference is shown not to exhibit the effects of a given signal 

to the frequency-dependent airborne sound insulation curve. This study supports findings in the litera-

ture that airborne sound insulation performance is significantly dependent on what type of sound signal 

is used. 
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1. INTRODUCTION 

The quality of sound insulation in buildings is generally described using a single number rating of 

the sound insulation and has an important bearing on the comfort, health, and general amenity of the 

residents.1, 2, 3 In many cases, however, single-number ratings do not correlate well with subjective 

expectations.4 Comparing single number quantities of airborne sound insulation with subjectively es-

timated airborne sound insulation frequently yields significant differences.4,5 In the literature, com-

plaints have even been made regarding partitions fulfilling specific requirements with respect to air-

borne sound insulation.6,7,8,9 Therefore, it is necessary to establish a better understanding of airborne 
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sound insulation through the use of psychoacoustics. Neubauer and Kang introduced a concept describ-

ing a frequency-dependent weighted normalized loudness level difference.10,11,12 This concept is in-

tended to be a connection between the objective measure of airborne sound insulation and the psycho-

acoustic measures of the loudness level and fluctuation strength.  

This study investigates the previously introduced calculation scheme describing the airborne sound 

insulation in terms of a probability of the insulation’s “best fit.” This means that if a certain airborne 

sound insulation is compared with its “unbiased” airborne sound insulation, as e.g. calculated, the air-

borne sound insulation of the real construction is biased by means of resonances, leakages or other 

effects, which can influence the airborne sound insulation.  

This paper first describes the inapplicability of standards to rate airborne sound insulation in terms 

of a subjective assessment, and second discusses the new model of a weighted normalized loudness 

level difference. Finally, it validates the model by comparing subjective test results and clarifies the 

discrepancies among sound insulation and the weighted normalized loudness level difference. 

2. EXPERIMENT ON THE SUBJECTIVE EVALUATION ON SOUND SIGNALS 

To determine the subjective assessment of different test signals for different sound insulation val-

ues, hearing tests were conducted. The main goal for this investigation is to find evidence that the 

perceived sound is judged differently if the signal is changed and if the spectrum of the airborne sound 

insulation is different. It is, therefore, vital to know how the model depicts differences in sound signals 

and spectra and how the differences are related to subjective assessments. 

2.1. Excitation Signals 

From the literature,13,14,15 it is known that music is reported as one of the most frequently detected 

noises even in dwellings that fulfil sound insulation requirements. Therefore, the influence of using 

different signals is investigated by using two categories of signals: steady-state and non-steady-state 

signals. The steady-state signals are broadband noise signals: “pink noise” (PN) and “white noise” 

(WN). These signals are selected because they are recommended in standards for measuring airborne 

sound insulation. The non-steady-state signals, i.e., the transient signals, were music samples, namely 

rap (Eminem: “Lose Yourself”) (E) and classic music (Beethoven’s Symphony No. 9: Poco Allegro, 

Stringendo Il Tempo, Sempre Piu Allegro - Prestissimo) (B). This type of music was also investigated 

earlier.16,17,18  

2.2. Perception of Damped Sound Signals 

A pilot test was conducted in order to find an indication whether a sound signal will be differently 

judged if the damping and the sound signals used as a source signal is different. 
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Nine untrained participants, five females and four males were asked to listen to some sound sam-

ples via headphone (Sennheiser HD 280 pro) and judge the sound by answering pre-coded questions. 

The headphone was closed-back ensuring a 32 dB attenuation of external noise. The ear coupling was 

circumaural and its frequency response is 8 – 25,000 Hz. The acoustic stimuli were played in different 

sequences for the participants to decrease the order effects. The background noise level was less than 

25 dB(A) . The participants had normal hearing abilities and the median of age was 34. The stimuli 

used were the electronically filtered sound samples of the sound signal described in section 2.1 using 

a filter function representing the sound insulation of interest. 

The insulation curves did not differ in their shape. In Fig. 1, the applied filter functions are de-

picted. The participants were asked to select one of the following answers:  0 - I do not hear a sound; 

1 - I can hear a weak sound; 2 - I hardly hear a sound; 3 – Yes, I can hear a sound but not easily; 4 – 

Yes, I can hear a sound when I concentrate on it; 5 – Yes, I can hear a sound; and 6 – Yes, I can clearly 

hear a sound.  

 

 

Figure 1. Hypothetical sound insulation over frequency used as the respective filter. 

 

The source signals, white and pink noise and Eminem and Beethoven as described above, were 

used. Due to the small sample (n = 9), the non-parametric Wilcoxon test, i.e., the Wilcoxon signed-

rank test, was applied instead of the most commonly applied t-test. In contrast to the t-test, the Wil-

coxon test does not require the data set to be normally distributed. A summary of the results is shown 

in Fig. 2 where the boxplot of response distribution for the data samples is shown. The sound samples 

were observed to be generally judged similar. However, as shown in Fig. 2, where the calculated mean 
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for different Rw values is shown, the music signal type was generally judged to be heard clearer than 

the broadband noise signal type. 

 

 

Figure 2. Results and boxplot of the response distribution for the data samples of white noise, pink 

noise, Beethoven, and Eminem. 

 

From Fig. 2, it is seen that white noise has lowest median whereas pink noise and the music type 

signals have the same. From comparison it is seen that in summery Eminem was judged “louder” (from 

data in Fig. 2: 5.4 ± 0.7) than Beethoven (from data in Fig. 2: 5.3 ± 0.7). Overall, the music group (WN, 

PN) was judged as: can hear / can clearly hear, while the noise group (B, E) was judged as: can hear 

when concentrate on it / can hear. Both groups differ in judgment of the subject by one category, which 

means noise sound samples are judged not as loud as music sound samples. From Fig. 2, the pink noise 

was observed to be judged louder than the white noise, and “Eminem” was judged to be heard slightly 

clearer than “Beethoven”.  

As shown in Fig. 3, the overall grouped response distribution of the two different sound samples 

was assessed differently. 

 Median 
 
 25% - 75% 
 
 Range without outlier 
 

      * Extreme outlier 

 WN PN B E 

Mean 5.02 5.22 5.31 5.40 

Std dev 1.079 0.703 0.715 0.707 

Min 2 4 4 4 

Max 6 6 6 6 

Median 5.40 5.60 5.60 5.60 

N 9 9 9 9 
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Figure 3. Mean of the grouped and overall grouped response distribution. 

 

The results of this experiment demonstrate that different sound samples are judged differently with 

respect to loudness. To summarize the results, music was found to be judged as being heard clearer 

than a noise type sound signal. This finding was observed for the increasing Rw-values. At a low air-

borne sound insulation of approximately 20 and 30 dB, little difference was observed. For this experi-

ment, it was concluded that broadband noise was not as “audible” as music if the damping increases 

beyond 40 dB. A comparison of the music type sound sources revealed that Eminem was judged more 

audible at high sound insulations compared with the Beethoven. Although the data sample is small in 

this experiment, certain conclusions can still be drawn. This is in line with results published by Zwicker 

and Feldkeller,19 Takeshima et al.20 and Soeta et al.,21 where subjective experiments were conducted 

with small numbers of participants. It is thought that music is heard stronger compared with broadband 

noise; this result is consistent with everyday experiences. 

2.3. Perception of Different Sound Signals 

Following the pilot study performed in the first test, the aim of this second listening test was to 

find evidence that the type of sound signal heard is judged different in loudness depending on the type 

of signal. For this test, 100 untrained participants, 8 females, and 92 males were asked to listen to sound 

samples via loudspeakers and to judge the loudness. The participants had normal hearing abilities and 

the median of age was 46. This different presentation method of the acoustical stimuli was needed 
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because the test was conducted for all participants simultaneously. The acoustic stimuli were played 

back in different sequences for the participants to reduce the order effects.  

The experiment involved 5 different sounds: WN, PN, E, B, and PS with three different sound 

levels (i.e. 40, 50, and 60 dB SPL) and was designed such that every sound was compared against all 

others. In Fig. 4 an example of the power spectral density over frequency is shown for sound signals 

having sound pressure level of 60 dB. 

 

Figure 4. Power spectral density (PSD) as a function of frequency in the range of 20 Hz to 20 kHz. 

Depict is Beethoven (B), Eminem (E), pink noise (PN), white noise (WN), and party sound (PS), all 

having sound pressure level of 60 dB, and duration 5 s. 

 

The participants were presented with two sound signals one after the other with both signals having 

the same sound pressure level. The duration of one sound sample was 5 s. Each sound pair was played 

in a row, and the participant was asked to decide whether the latter sound was louder or quieter than 

the former and was asked to rate the sound from -5 to +5, where -5 indicates “much quieter,” and +5 

“much louder.” Zero indicates on the other hand “equally loud”. In the experiment, all 5 sounds were 

joined in 12 pair comparisons (such as WN: WN vs. PN, WN vs. E, WN vs. B and WN vs. PS; at 40 

dB, 50 dB to 60 dB). The evaluation in a pair comparison is in line with the literature (Soeta et al.; Jeon 

et al.).21,22 

The obtained data was compared using the t-test for related samples and the Wilcoxon test to 

determine whether the mean differences between the sounds (if the sounds were quieter or louder) were 

significant. The analyses demonstrated that with regard to the significant (p < 0.05) differences 

between the sounds, the white noise (WN) was judged highly significantly (p < 0.001) “quieter” 

Beethoven party sound 

white noise 

pink noise 

Eminem 
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compared with the other sound samples. A summary of the results is shown in Fig. 5 where the 

boxplot of the response distribution for the data samples is shown. 

 

Figure 5. Results of the second experiment displayed as a boxplot of the response distribution data 

comparing all the results. 

 

The data from Fig. 5 indicates that, as the value decreases, the particular sound will be per-

ceived as quieter by all participants. White noise was judged overall to be quietest. Eminem was 

the loudest. This confirmed the results of the first pilot survey shown in Fig. 2. It is noted that a 

differentiation be-tween gender has not been investigated which is in line with literature.21–24 

2.4. Detecting Different Airborne Sound Insulations 

The goal of the third listening test was to find evidence that the perceived sound level after trans-

mission differs with different frequencies depending on the airborne sound insulation that has the same 

single Rw value. The equipment used and the procedure of this test was the same as that for the first 

test, although the number of participants was 11, there were 3 females and 8 males. The participants 

had normal hearing and the median age was 42. Two types of airborne sound insulation, i.e., the filter 

types had to be judged and were labelled “I and II.” The single values of the filters are I: Rw (C; Ctr) = 

50 (-1; -1) dB and II: Rw (C; Ctr) = 50 (-3; -7), respectively (the frequency depending airborne sound 

insulation is depicted in the lower panel of Fig. 13). These filter functions were calculated according 

to ISO 717-1.25 

 Median 
 
 25% - 75% 
 
 Range without outlier 
 
      ○ Soft outlier 

 WN PN B E 

Mean -0.8883 -0.2117 0.4525 1.0083 

Std dev 0.79598 .70536 0.71561 .67404 

Min -3.67 -2.33 -1.25 -0.33 

Max 0.75 1.42 3.00 3.00 

Median -0.8333 -0.1667 0.3333 1.000 

N 100 100 100 100 
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All source signals had sound pressure levels of 85 dB and had a duration of 15 seconds. The par-

ticipants were asked to listen to the sound and to rank the sounds from the quietest to the loudest. The 

subjects could listen to the sound samples as often as they wanted. The participants were asked to select 

one of the following answers: 0 - quietest; 1 - quiet; 2 - equal; 3 – loud; and 4 - loudest. All sounds per 

filter were combined and averaged for the data evaluation. This was done because the analysis concerns 

the comparison of the two filters and not the comparison of the sound signal. From the data collected 

from the listening tests, an evaluation was performed. The data collected was summarized and de-

scribed quantitatively in Fig. 6. Considering the sample size (n = 11), the non-parametric Wilcoxon 

test was applied as opposed to the t-test. It is seen in Fig. 6 that case “II” was judged to be quieter 

than case “I.” Case “II” is statistically significantly (p < 0.05) different from filter “I.” This result 

is a strong indication that the airborne sound insulation is judged differently (i.e., subjectively) 

depending on the frequency dependent Rw-value. Comparing the spectra of the respective sound 

insulation and the resulting C-values indicates that case “II” has little sound insulation at low 

frequencies and a dip at 800 Hz, whereas case “I” has high sound insulation at low frequencies 

and a dip at 2.5k Hz. This could be an indication that low frequencies do not contribute signifi-

cantly to the subjective assessment of a sound insulation. This finding is in line with that of 

Hongisto26 and is worthy of further investigations in the field of subjective assessment tests.  

 

 

Figure 6. Results of the third experiment displayed as a boxplot of the response distribution for the 

data samples, Case I: Rw = 50(−1; −1) dB and Case II: Rw = 50(−3; −7) dB. 

 

3. MODEL BASED ON WEIGHTED NORMALIZED LOUDNESS LEVEL DIFFERENCE 

From the section above, it is observed that a transmitted sound is judged differently given different 

types of signals and different sound insulation values. The result of the third listening test has shown 

 Median 
 
 25% - 75% 
 
 Range without outlier 
 
  

 I II   

Mean 2.80 0.31 

Std dev 0.580 0.243 

Min 2.0 0.0 

Max 3.6 0.6 

Median 2.80 0.40 

N 11 11 
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that the participants judged the sounds differently, although the damping was the same. There seems 

to be a discrepancy between the standard calculation procedure to derive an airborne sound insulation 

value, such as the weighted sound reduction index Rw, and subjective observation. It is, however, noted 

that the spectrum adaptation terms indicated a dependency on a subjective assessment, which is not yet 

related to a subjective assessment. Therefore, the new model is discussed to demonstrate the discrep-

ancy between the standard measure of a weighted sound reduction index (Rw) and a subjective obser-

vation of affected persons, such as an inhabitant in a dwelling for example. The new model proposed 

by Neubauer and Kang11 aims to integrate both discrepancies. This section first discusses the new 

measure of a weighted normalized loudness level difference. 

3.1. The Normalized Level Difference 

When measuring a transmission loss, it is common to measure a sound pressure level difference. 

The frequency depending sound pressure level (L) is then transformed into a frequency depending 

loudness level by following the procedure outlined in ISO 226:23 

 L(f) ­ LN(f). (1) 

 The level difference characterised by the weighted sound reduction index (Rw) without a dip (L0) 

and with a dip (Lm) provides a set of loudness level differences. The level difference of the idealized 

(i.e. hypothetical or computed) airborne sound insulation for third-octave bands is given by Eq. (2): 

 LLLȹ fNfNf 0),(2)(1)(0 -= . (2) 

The level LN1 is the loudness level in the source room and LN2 is the loudness level in the receiving 

room. The idealised airborne sound insulation to obtain (LN2,0) may be found using a prediction model, 

as provided by e.g., EN 12354,27 or by assuming a reference curve e.g., ISO 717. The level difference 

of an actual (i.e., measured or simulated) airborne sound insulation for third-octave bands is given by 

Eq. (3): 

 LLLȹ mfNfNfm ),(2)(1)( -= . (3) 

where LN2,m is the loudness level in the receiving room obtained by the measured or simulated sound 

pressure level. 

The normalized level difference with respect to the idealized level difference for the third-octave band 

values is then the following: 

 
)(

0

)(
)(

f

fm
fnor

L

L
L

D

D
= . (4) 

A method for determining a single value of a sound in terms of a loudness level is given in ISO 

532 B28 and in DIN 45631.29 The loudness level can be obtained for any sound.30 The single number 
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quantity for the normalized loudness level difference (Lnor) is written as the quotient of the differences 

of the total loudness levels (LN), which yields the following: 

 
0,21

,21

NN

mNN

nor
LL

LL
L

-

-
= . (5) 

where LN1 is the single number value of the loudness level in the source room, LN2,0 is the single number 

value of the loudness level of the idealised or calculated airborne sound insulation in the receiving 

room, and LN2,m is the single number value of the loudness level obtained by the measured or simulated 

sound pressure level. 

3.2. The Weighting 

The weighting function in the model, as presented in the literature,11 is based on some considerations 

that psychological effects, like annoyance, cannot be fully evaluated by the measurement of the sound 

pressure level.31 The weighting is judged as an awareness of noise, i.e., annoyance. For this reason, 

some psychoacoustic factors, such as roughness, fluctuation strength, tonality, and sharpness were in-

vestigated.17 The results led to the conclusion that roughness, tonality, and sharpness are not suitable 

predictors for a rating procedure concerning sound insulation. From reasons discussed above and be-

cause the specific fluctuation strength, Fls’ (vacil), relates to the temporal structure of the sounds,30,32 

this measure is preferred to be an appropriate weighting. To differentiate the signal in terms of psycho-

acoustic measures, investigations were focused on specific fluctuation strength. This is in accordance 

with investigations concerning indoor acoustic comfort by Jeon et al.33 The weighting (w) is the pro-

portion of the frequency depending specific fluctuation strength of the signal being transmitted through 

an idealized (i.e., hypothetical or calculated) partition, Fls’0,(f), and the specific fluctuation strength of 

the signal being transmitted through an actual (i.e., measured or simulated) partition, Fls’m,(f). The 

weighting (w) is given by Eq. (6): 

 
)(0

)(
)(

'

'
f

fm
f

Fls

Fls
w = . (6) 

The total specific fluctuation strength is calculated as the sum of all partial fluctuation strength 

yielding Fls’. The single number quantity of the weighting (w) is then the following: 

 
0'
'

Fls
Flsw m= . (7) 
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3.3. The Weighted Normalized Loudness Level Difference 

The loudness model describes the frequency-dependent airborne sound insulation yielding the 

weighted normalized loudness level difference. For third-octave band values expressed as the product 

of the frequency-dependent normalized loudness level difference and a frequency-dependent psycho-

acoustic weighting factor, the corresponding formula is given in Eq. (8): 

 )(*)()(, ffnorfwnor wLL = . (8) 

Combining Eq. (5) and Eq. (7) yields the single number quantity for the weighted normalized loud-

ness level difference (Lnor,w) and is written as: 

 wLL norwnor *,
= . (9) 

Equation (9) is case sensitive, i.e., Lnor,w depends on the individual results of the level differences 

and the weighting, as is seen from Eq. (5) and Eq. (6). The following regions occur depending on the 

six conditions: 

I) Lnor > 1 Ø w > 1  Ý  Lnor,w > 1 

II) Lnor < 1 Ø w < 1  Ý  Lnor,w < 1 

III) + IV) Lnor > 1 Ø w < 1  Ý  Lnor,w < 1 Ù Lnor,w > 1 

V) + VI) Lnor < 1 Ø w > 1  Ý  Lnor,w < 1 Ù Lnor,w > 1 

 

NB: The region yielding Lnor,w = 1 needs: Lnor = 1 Ø w = 1 and that requires: L2,m = L2,0 Ø Fls’m = Fls’0.  

 This condition is impossible in real buildings and in real situations in-situ. 

 

4. MODEL IMPLEMENTATION  

The filtered sound signal, i.e., the level of interest, is assumed to be a measure of perception, which 

means that a dip in the frequency dependent airborne sound insulation should be included in the model. 

This will be demonstrated explicitly for single frequency dips in the frequency dependent airborne 

sound insulation. The frequency dependent value enables judgment of the frequency range of that dip. 

The overall performance of the model is then demonstrated by means of a single value representing the 

measure of deviation from the ideal value. The single value enables, therefore, the judgment of an R’w-

value to be “real” or “untrue.” This means if the judged airborne sound insulation is “real,” it is likely 

that the “heard” sound is subjectively equally assessed as calculated. If the airborne sound insulation 

is “untrue,” it is likely that the airborne sound insulation is considered subjectively different from a 

certain expected airborne sound insulation. 
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4.1. Frequency Dependence 

A calculated airborne sound insulation of 40 dB having a 6 dB frequency single dip at each 

1/3rd octave band frequency from 160 Hz up to 5k Hz is used as an example. In Fig. 7, the inves-

tigated idealised airborne sound insulation is shown exemplarily. 

 

 

Figure 7. Idealized airborne sound insulation exemplarily for Rw = 40 dB without (left panel) and with 

a dip of 6 dB at the exemplarily depicted frequency of 1 kHz (middle panel) and 2 kHz (right panel). 

The solid line is the reference curve given in ISO 717-1. 

 

Using pink noise as source signal and having a sound pressure level of 85 dB, the calcu-

lated frequency dependent normalized loudness level differences (Lnor(f)) according to Eq. 4 is 

shown in Fig. 8. A 6 dB dip is evident. It is noted that the influence of the single frequency dip 

on the normalized loudness level difference is observed to be at least one-third octave band be-

low and above the dip. This means that the dip enlarges the influence of a single frequency dip 

to the normalized loudness level difference.  

 

 

Rw = 40 dB, Pink Noise2 
Figure 8. Normalized loudness level 

difference over various frequencies, 

Rw = 40 dB with a single dip of 6 dB 

at each 1/3rd octave band frequency 

from 160 Hz up to 5 kHz. The source 

signal is pink noise having a SPL of 85 

dB. Each solid line shows Lnor with a 

dip at one frequency and the dotted 

line shows the envelope. 
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The envelope depicted in Fig. 8 (represented by the dotted line) reveals that with increasing 

frequency, the minimum value of the normalized loudness level difference decreases. That means 

that the frequency dip reduces the airborne sound insulation. The maximum value (Lnor > 1) 

increases for low frequencies was very steep; up to about 160 Hz. From 160 Hz up to 5k Hz, a 

nearly constant value is virtually observed. The calculated mean and standard deviation for the 

linear range (160 Hz – 5k Hz) is Lnor = 1.024 ° 0.003. From the envelope it is observed that, for 

minimum values, the low frequencies are about constant up to 250 Hz. Above that frequency, the 

values decreased linearly until a frequency of approximately 2.5k Hz. Above that frequency, 

some deviation was observed. Overall, the investigated influence of the dip yield in the case of 

the normalized loudness level difference for all the investigated sound signals demonstrated that 

the filtered or processed sound was assumed to be louder when a frequency dip is introduced in 

the airborne sound insulation. Although the single value of the airborne sound insulation is al-

tered much, the dip is thought to cause a sensation that result in an increased loudness. Introducing 

the weighting (w), as defined in Eq. (6), results in the weighted normalized loudness level difference 

(Lnor,w(f)), as defined in Eq. (4). See the results illustrated in Fig. 9 for an example; pink noise was used 

as a source signal. 

 

Figure 9. Weighted normalized loudness level difference over various frequencies, Rw = 40 dB 

with a single dip of 6 dB at each 1/3rd octave band frequency from 160 Hz up to 5 kHz. The 

source signal is pink noise having a SPL of 85 dB. Each solid line shows Lnor,w with a dip at one 

frequency and the dotted line indicates the envelope. 

 

Rw = 40 dB, Pink Noise 
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The weighted normalized loudness level difference shows the event of a frequency dip in a 

manner similar to the normalized loudness level difference. It is observed, however, that a re-

versed picture is drawn comparing the normalized loudness level difference and the weighted 

normalized level difference. This is an indication that the specific fluctuation strength does sig-

nificantly influence the weighted normalized loudness level difference.  

4.2. Specific Fluctuation Strength 

The calculated specific fluctuation strength (Fls’) for different sound signals and different Rw-

values reveal that transient sound signals, i.e., the music type signals (Eminem and Beethoven), have 

greater values than the broadband noise signals (pink noise and white noise). The results are shown in 

Fig. 10.  

 

 

Figure 10. Specific fluctuation strength (Fls’) for different sound signals and different Rw-values. 

 

From Fig. 10 it is seen that with increasing Rw-value the fluctuation strength decreases. Broadband 

noise shows little or almost no fluctuation, whereas music type signals show high fluctuation. This is 

expected, is in line with the literature,34 and confirms the results presented earlier.35 Broadband noise 

signals (pink noise or white noise) do not change much in specific fluctuation strength with increasing 

sound insulation, which is expected, but this result could be an indication that transient signals, i.e., 

non-steady-state signals, can be more influenced by appropriate sound insulation in the sense of sub-

jective judgments to rate the annoyance of the receiving sound between a dividing partition.17,33 

4.3. Normalized Loudness Level Differences 

The result from computing the single number quantities of the normalized loudness level 

differences (Lnor) as defined in Eq. (5) for different Rw-values of 20, 40, and 60 dB with frequency 
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dips of 6 dB at 100, 500, 800, 1k, 2k, and 3.15k Hz in the airborne sound insulation are shown 

in Fig. 11.  

 

 

Figure 11. Normalized loudness level difference (Lnor) for different Rw-values over frequency 

where a dip of 6 dB is applied in the frequency curve of the sound insulation.  

 

In Fig. 11, each symbol shows the calculated result of Lnor for different Rw-values that have 

a frequency dip of 6 dB at 100, 500, 800, 1k, 2k, and 3.15k Hz in the airborne sound insulation . 

From this comparison, it is observed that the level difference does not show much deviation with 

respect to different types of sound signals. At low frequencies (100 Hz), the difference between 

the investigated signals is smallest. Inspecting results at a single value reveal that at a frequency 

of 100 Hz the normalized loudness level difference is less than or equal to unity. This result 

means that the dip, i.e., the “biased” airborne sound insulation, is less than or equal to the “ideal”, 

i.e., predicted airborne sound insulation. For greater frequencies, the normalized loudness level 

difference is greater than unity. Hence, the “biased” airborne sound insulation is supposed to be 

greater than the predicted value. This result might indicate that a dip at low frequencies yields a 

subjectively related finding that a predicted airborne sound insulation is overestimated compared 

to a “biased” sound insulation.  

 

4.4. Weighted Normalized Loudness Level Differences 

From the explored single number quantities of the normalized loudness level differences, the 

same airborne sound insulations of 20, 40, and 60 dB with frequency dips at 100, 500, 800, 1k, 
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2k, and 3.15k Hz at 6 dB are used to compute the weighted normalized loudness level difference 

(Lnor, w) according to Eq. (9). The results are shown in Fig. 12. 

 

 

Figure 12. Weighted normalized loudness level difference (Lnor,w) for different Rw-values over 

frequency where a dip of 6 dB is applied in the frequency curve of the sound insulation. 

 

The influence of the type of signal used to compute the weighted normalized loudness level 

difference is clearly observed. However, at 100 Hz, no significant difference between the used 

signal types was observed. A clear variation of the weighted normalized loudness level difference 

was observed for frequencies greater than 100 Hz. Obviously the weighting had a key influence on 

the result in calculating the weighted normalized loudness level difference. This is in agreement with 

the theory used to describe an auditory judgment using a psychoacoustic measure, such as the specific 

fluctuation strength.31 The single numerical value of the weighted normalized loudness level difference 

is sensitive to the type of test signal and to an introduced frequency dip. 

5. MODEL VERIFICATION  

To verify the validity of the model, the results obtained by the listening tests shown in Figs. 2 to 5 

are compared. 

5.1. Calculated frequency depending values 

The normalized loudness level difference and the weighted normalized loudness level difference 

are calculated for the two cases shown in Fig. 5. The idealised airborne sound insulation to obtain 

(LN2,0) was chosen to be the shifted reference curve having a sound reduction index of Rw = 50 (-2; -6) 

dB. The results are shown in Fig. 13, which provides a direct visual comparison of the results. The 
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sound reduction index Rw is also depicted separately below Fig. 13. It is seen that the frequency de-

pendent normalized loudness level difference does not discriminate between different sound signals, 

whereas the weighted normalized loudness level difference does. Further-more, the frequency dip is 

observed in all calculation results. A comparison of the data shows that the frequency dips in case “I” 

at 2.5 kHz and in case “II” at 800 Hz, it is accurately pictured. Results from the listening test have 

shown that case “I” (left panel in Fig. 12) was judged to be louder than case “II.” This is also pictured 

in Fig. 12, where the weighted normalized loudness level difference for case “I” is, which is at fre-

quencies greater than 1.250 Hz that clearly beyond unity and thus, indicates that the sound insulation 

is different from the calculated or “expected” value. Moreover, in case “I” (left panel in Fig. 13), the 

music type signal is greater than the broadband noise signal, which is in line with the results found 

in the first experiment. 

 

Figure 13. Weighted normalized loudness level difference (Lnor,w) for different Rw-values over fre-

quency where a dip of 6 dB is applied in the frequency curve of the sound insulation. 
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5.2. Calculated single numerical values 

Computing the weighted normalized loudness level difference for the two cases I and II as single 

values yields results that are shown in Fig. 14. The results outlined in Fig. 14show that the weighted 

normalized loudness level difference (Lnor, w) diverges in some way. The results, however, reveal that 

case “I” results in values close to unity, which means that the expected sound insulation is achieved. 

The calculated mean and standard deviation are 1.003 ° 0.025. Furthermore, it is observed that the 

white noise results are greater than unity in both cases “I” and “II,” which means that the sound insu-

lation is supposed to be greater as calculated. The interpretation is that the “biased” airborne sound 

insulation is thought to be, in a subjective sense, greater than the “unbiased” or predicted value. From 

the subjective test, it was found that white noise is judged to be quieter than the other sound samples 

(see Fig. 4). Thus, it is concluded that, white noise as a test signal causes a fictive increase in the 

airborne sound insulation. It is further concluded from the results in Fig. 14 that the sound insulation 

of case “I” is, for all sound samples, “reliable” because the single numerical value is close to unity 

whereas case “II” deviates significantly between different sound samples. This result indicates that the 

sound insulation of case “II” differs with different sound signals, and hence, the expected airborne 

sound insulation is not supposed to be consistent with different applied sound samples. 

 

 

Figure 14. Weighted normalized loudness level difference (Lnor,w) for cases “I” and “II” and for differ-

ent sound samples. The airborne sound insulation is Rw = 50 dB with varying spectral adaptation terms 

C and Ctr. 
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6. CONCLUSIONS 

The experimental results have revealed that white noise was assessed to be highly significant (p < 

0.001) quieter, and the rap music sample “Eminem” was judged to be louder com-pared with the other 

sound samples. Furthermore, the experiments have shown that, in general, noise samples (i.e., white 

noise and pink noise) are judged to be not as loud as music sound samples, which also result in lower 

specific fluctuation strength values. Conversely, non-steady-state signals yield the greatest specific 

fluctuation strength values and were judged to be louder than the broadband noise samples. In other 

words, sound insulation is judged differently for different sound samples, as expected. The model was 

shown to correctly depict the experimental results of the loudest and quietest sound samples as well as 

the individual frequency dips in the airborne sound insulation.  

The implementation of the model showed that the calculation scheme is able to capture details in 

the frequency range as well as in the case of single numerical values. As shown by the comparison of 

calculated values with experimental results, the weighted normalized loudness level difference demon-

strates dependencies on different signal characteristics and different airborne sound insulations. 

The model allows sound insulation to be evaluated in a more psychoacoustic manner, rather than 

only by looking at the sound pressure level differences. This approach could be a prime tool for inves-

tigating airborne sound insulation having identical single number ratings but different spectra. The 

most interesting question is, however, which airborne sound insulation spectrum yields best damping 

to prevent annoyance or disturbance. This determination is a task for further investigations in the field 

of subjective assessment tests. 
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