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ABSTRACT 
Product sound usually consists of a mix of several sources. Models for prediction of sound 
quality based on combinations of psychoacoustic metrics like loudness, sharpness and 
roughness have limitations when compound sounds are analysed. When a compound sound is 
divided into separable sources through auditory streaming such models fail. The character of 
each source is given by physical properties. The character is usually hard to change without 
complete redesign of the product. The quality of the final product sound is determined by the 
mix of sound sources. Efficient product sound design requires tools for recording or simulation 
of sources, realistic modelling of transfer functions from source to listener and tools for mixing 
the sources. With such tools a sound source can be auralised as part of sound environments. 
Recordings of sound sources in a car were used to get source information. The sound from 
each source was filtered through idealised transfer functions, mixed and reproduced in a 5.1 
surround sound studio. The resulting sound was evaluated through listening tests. This 
approach was shown to be a powerful tool for evaluation of the effect of auditory streaming on 
subjective judgments of compound product sound. 

INTRODUCTION  
Psychoacoustic metrics like loudness, sharpness and roughness [1] and combinations of such 
metrics into more sophisticated models like annoyance [2, 3], sportieness, powerfulness and 
luxary [4] are commonly used for prediction of product sound quality. Such models have been 
shown useful in many applications, but fail if the analysed sounds deviate too much from the 
bank of sounds used for development of the models. We have also encountered problems when 
sounds composed of several blended sources have been analysed. Even basic psychoacoustic 
indices like loudness and sharpness fail in some cases. In one experiment sound of electrical 
power windows in passenger cars were studied. The sounds were mainly composed of two 
sources, the electrical motor and the scratching of the window sliding over the seal. These two 
sources were fairly well separated in the frequency domain, and could hence be separated by 
spectral filtering. Analysis of the sources separately revealed subjects’ tendency to judge only 
the motor sound, neglecting the window-seal-scratching. When loudness and sharpness were 
measured only for the motor sound agreement with subjective judgements was achieved. The 
human ability to separate sound sources have been thoroughly investigated by Bregman [5]. 
The theories for auditory stream segregation supports the assumption that psychoacoustic 
models based on the total sound will fail in applications where listeners focus only on part of the 
sound. Carosone [6] has described Ferrari’s approach to handle blended sound sources. This 
approach served as starting point for the design of an experiment with the aim to study whether 
typical interior sound of a passenger car is heard as a unity or if attention is drawn to some of 
the sound sources. Four main sound sources in a passenger car were sampled by near field 
recording. To get an approximation of each source contribution to the interior sound, the signals 
were filtered using idealised transfer functions. Through mixing of the filtered sounds four 
different sounds with the same overall loudness level but different levels of the separate 
sources were created. These four sounds were evaluated in a listening test at two different 
loudness levels. The subjects were asked to judge the overall loudness of the sound, and they 
were given no information about the way the sounds were created. By this approach 
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conclusions could be drawn on whether the loudness of the interior sound of a passenger car is 
judged based on the compound sound or if some sources are more important for the perception 
of loudness. If loudness measured for the compound sound fails to predict subjects’ perception 
of loudness, this indicates that product sound consisting of a blend of different sources, i.e. 
most product sounds, can not be evaluated with models based on the total sound. Methods for 
handling blends of sound sources need to be developed. This paper describes an experimental 
approach for analysis and subjective evaluation of a sound composed by a mix of contributing 
sources. 

METHOD
Sound source characteristics 
Sound was near-field recoded at four positions. One microphone was placed in the engine 
compartment; one was placed outside the oriface of the exhaust pipe; one was placed in the left 
rear wheel housing and one was placed inside the car close to the seal of the passenger’s side 
window to catch wind noise (see Figure 1). In addition, one microphone was placed at the 
approximate head position of a passenger in the front passenger seat to get a reference signal 
for a typical listener position. B&K 4190 microphones were used and recordings were made with 
a B&K Pulse system with B&K 3032A I/O module. The recordings were made in a Volvo V70 
2001 at 90 km/h speed on a wet road. 

Figure 1.-Microphone positions used for recording of source characteristics. 

Transfer functions 
Transfer functions from the microphone positions to the listening position of a passenger were 
measured reciprocally. A microphone was placed in the typical head position of a passenger in 
the front passenger seat and a loudspeaker was placed on the seat, directed upwards, 10 cm 
below the microphone. Frequency Response Functions (FRF) were measured between the 
microphone placed inside the car and the microphones in the engine compartment, in the wheel 
housing and outside the exhaust pipe oriface (see Figure 1). The FRF:s were measured using 
H1 estimate and pseudo random noise. B&K 4190 microphones were used and the 
measurements were made with a B&K Pulse system with B&K 3109 I/O module. The measured 
FRF:s were used to determine simple idealised transfer functions by visual inspection of the 
graphs. 
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Blending of sound sources and auralisation 
The recordings of the sound at the three positions; inside engine compartment, inside wheel 
housing and outside the exhaust pipe oriface, were filtered with the determined idealised 
frequency response functions to get the typical contribution of each source to the interior sound 
of the car. The FFT filter function of Adobe Audition was used for filtering (FFT size 2048, 
Blackman windowing, 44 kHz sample rate). The recorded wind noise was left unmodified. This 
resulted in recordings of four of the main sound sources in a passenger car. The four recordings 
were mixed in a Digidesign Pro Tools 5.1 surround sound studio. The sources were adjusted in 
level and spatial position to achieve an initial sound perceived by one of the authors to be close 
to the original sound, and the resulting sound was equalised to the same A-weighted SPL as 
the original sound. The sound pressure levels of each source for this initial sound are presented 
in Table 1 and the spatial positions of each source are defined in Figure 2. 

Table 1.-Sound pressure levels of the sources for the initial sound perceived by one of the 
authors to be close to the original sound. 

Motor sound /dB Exhaust sound /dB Wheel sound /dB Wind sound /dB Loudness /sone 
80.7 76.5 70.9 73.6 14.3 

Figure 2.-Spatial positions for each sound source. 

Sound examples for a listening test were created by variation of the level of engine sound and 
exhaust sound in two levels, resulting in four different combinations of engine and exhaust 
sound levels. The overall loudness (ISO 532B) of the sound was kept constant by adjustment of 
the wheel noise level. The procedure was repeated for two different loudness levels. The level 
changes of the sources are presented in Table 2. 

Table 2.-Sound pressure level modifications in the eight sound examples created for the 
listening test, compared to the original sound presented in Table 1. 

Sound nr. Motor sound /dB Exhaust sound /dB Wheel sound /dB Wind sound /dB Overall loudness /sone 
1 -5 -5 +12 0 -4 
2 -5 -5 +12 0 +1 
3 -5 +5 +6 0 -4 
4 -5 +5 +6 0 +1 
5 +5 -5 0 0 -4 
6 +5 -5 0 0 +1 
7 +5 +5 -? -15 -4 
8 +5 +5 -? -15 +1 

To avoid the listening position to influence the results of the listening test, each sound was 
recorded with an artificial head (Head Acoustics HSU III with BEQ I front-end) placed at the 
listening position of the studio, see Figure 3. In the listening test the sounds were presented to 
the subjects through headphones (Head Acoustics PEQ IV equaliser, PVA IV.2 amplifier and 
HA II.1 head phones). ID equalisation was used. 

Figure 3.-Convertion of 5.1 surround sound to binaural signals. 
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Listening test 
18 subjects participated in the listening test, 9 men and 9 women, all with self-reported normal 
hearing. The average age was 36 years. The oldest subject was 54 years and the youngest 19 
years. The subjects were asked to judge the perceived loudness of the sounds. The judgements 
were made on 11-point scales ranging from 0=not at all loud to 10=extremely loud. The listening 
test was designed as a 3-factor factorial experiment. The dependent variable was the judged 
loudness and the factors were engine sound pressure level, exhaust sound pressure level and 
overall loudness (ISO 532B). Each factor was varied in two levels, see Table 2. Analysis of 
variance (ANOVA) was used to find factors significantly affecting perceived loudness. Second 
order interactions between the factors were included in the analysis. 

RESULTS

Sound source characteristics 
In figure 4, Fast Fourier Transforms (FFT) of the sound at each of the four microphone positions 
are presented. 

Figure 4.-Frequency characteristics at the four microphone positions. 

Transfer functions 
Transfer functions between the microphone positions and the typical listening position of a 
passenger in the front passenger seat are presented in Figure 5. Signals were coherent up to 5 
kHz for the wheel housing and exhaust pipe positions and up to 2 kHz for the engine 
compartment position. The wind noise measured inside the car close to the side window seal 
was not filtered before use, and hence no transfer function was measured for this microphone 
position. Simple idealised transfer functions were determined by visual inspection of the graphs 
and are presented as dashed lines in Figure 5. 



19th INTERNATIONAL CONGRESS ON ACOUSTICS – ICA2007MADRID 

5

Figure 5.-Transfer functions from three microphone positions to the listening position of a 
passenger in the front passenger seat. The dashed lines are the idealised transfer functions 

used in the auralisation. 

Blending of sound sources and auralisation 
In Figure 6 (a)-(c), the frequency characteristics of each source at the listening position of a 
passenger are presented. Figure 6 (d) presents the frequency characteristics of sound example 
nr. 1 after mixing and auralisation. 

(d) FFT of sound nr. 1
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Figure 6.- (a) - (c): Frequency characteristics of  sound sources after filtration through idealised 
frequency response functions. (d): Frequency characteristics of the auralised sound example nr. 
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Listening test 
Variation of loudness measured according to ISO 532B affected the loudness judgements 
significantly (p<0.1). So did variation of sound pressure level of the engine sound. A significant 
interaction effect (p<0.1) was found between sound pressure level of engine sound and exhaust 
sound. When exhaust sound pressure level was high changes in sound pressure level of engine 
sound did not affect judgements. When exhaust sound pressure level was low, the sound 
pressure level of engine sound did affect judgments of loudness significantly. The results of the 
ANOVA are found in Table 3, and means and interaction plots are presented in Figure 7. 

Table 3.-ANOVA table 
Analysis of Variance for judged loudness - Type III Sums of Squares
-------------------------------------------------------------------------
Source                Sum of Squares     Df    Mean Square    F-Ratio
-------------------------------------------------------------------------
MAIN EFFECTS
 A:Motor                     8,02778      1        8,02778       3,38
 B:Exhaust                  0,694444      1       0,694444       0,29
 C:Overall                   476,694      1        476,694     200,72

INTERACTIONS
 AB                          8,02778      1        8,02778       3,38
 AC                             0,25      1           0,25       0,11
 BC                             0,25      1           0,25       0,11

RESIDUAL                     325,361    137         2,3749
-------------------------------------------------------------------------
TOTAL (CORRECTED)            819,306    143
-------------------------------------------------------------------------
All F-ratios are based on the residual mean square error.

Means and 90,0 Percent Bonferroni Intervals
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Figure 7.-Means and interaction plots for the factors affecting judgments of loudness 

CONCLUSIONS 
Changes in loudness (ISO 535B) were shown to be the dominating factor regarding variations in 
perceived loudness. This shows that loudness is an efficient metric for prediction of perceived 
loudness. However, the significant effect on judgments of loudness on loudness equalised test 
sounds due to changes in sound pressure level of one of the sources (the engine sound), 
shows that auditory stream segregation effects have to be considered in the product sound 
design process. Powerful tools for computational auditory scene analysis [7] would facilitate 
predictions of perception of compound sound, but such algorithms need to be developed further 
to be useful in product sound design. The experimental approach used in this paper may serve 
as a starting point for development of experimental methods for dealing with compound sound 
in product development, facilitating evaluation of sound sources individually in their correct 
sound context. 
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