
2007:154 CIV

M A S T E R ' S  T H E S I S

Component Sound Quality
A Power Window Study

 Anna Sirkka

Luleå University of Technology

MSc Programmes in Engineering
 Arena, Media, Music and Technology 
Department of Human Work Sciences

Division of Sound & Vibrations

2007:154 CIV - ISSN: 1402-1617 - ISRN: LTU-EX--07/154--SE



 
 
 
 
 

 

COMPONENT SOUND QUALITY 

A Power Window Study 
 
 
 
 
 
 
 

ANNA SIRKKA 

 
 
 
 

MASTER OF SCIENCE PROJECT 
Arena Media, Music and Technology 

Luleå University of Technology 
Department of Human Work Sciences 

Division of Sound and Vibration 
 



Preface 

This master's thesis is the final project of the Arena Media, Music and Technology 
Engineering program at Luleå University of Technology (LTU). The project was carried out 
at the Noise and Vibration Center (NVC) at Volvo Car Corporation (VCC) Torslanda. 
 
I would like to thank my supervisor at VCC, Patrik Johansson, for his great interest in the 
project and all the valuable time he has spent supporting me. I would also like to thank him 
for his contributions to a pleasant working environment by playing the ukulele. 
 
Furthermore, I would like to thank my supervisor at LTU, Arne Nykänen, for his guidance 
and support throughout the project.  
 
I would also like to take the opportunity to thank all employees at NVC for making me feel 
welcome, and last but not least I would like to thank all subjects participating in the listening 
tests. Without them, this project would not have been possible. 
 
 
Göteborg, December 2006 
 
Anna Sirkka 



Abstract 

The Noise and Vibration Center (NVC) at Volvo Cars Corporation (VCC) Torslanda needs to 
develop its requirements regarding component sounds, such as the sounds of electric motor 
systems. At present, component sound requirements are generally stated as A-weighted sound 
pressure levels in 1/3-octave bands. Components which produce the same level in dB(A) may 
sound very different and therefore NVC wishes to define measures that better describe the 
character of the sound. 
 
The aim of this master’s thesis project was to define a homogeneous Volvo sound for electric 
motor components in the complete vehicle. Another object was to find measures that describe 
the quality and character of the sound and propose requirement levels for these measures.  
 
In the project the above mentioned was investigated by studying power window sounds. 
Power window sounds from nine different vehicles were recorded and then assessed in two 
listening tests. According to the results of the listening tests, a good Volvo sound for 
components with electric motor systems should be dull and steady. The subjective evaluation 
also showed that a loud power window sound and a weak sounding motor are regarded as 
annoying. Additionally, the listening tests proved that in the sound quality assessment of a 
power window, the starting and stopping events are less important than the travelling phase.  
 
The result of this thesis is a proposal for a new requirement regarding power window sound in 
the complete vehicle. The statistical analysis of the subjective assessments led to the 
conclusion that a requirement containing measures that correlates with the perceptions of loud 
and steady are desirable.  
 
Comprehensive acoustical analysis in combination with further statistical investigations 
resulted in a requirement proposal consisting of two measures, bandpassed loudness and the 
developed measure Approximate Rpm Deviation (ARD). ARD is a measure of the frequency 
variations of the sound. 
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1. Introduction 

1.1 Background 

As automotive manufacturers design increasingly quieter cars with respect to wind, road and 
power train noise, the importance of the sound quality of systems with electric motors 
becomes more and more important to customer perception of vehicle quality [1].  Electric 
motors are widely used in cars for applications such as power windows, seat adjustments, sun 
roofs, windshield wipers, etc. [2].   
 
Power window sound is one of the component sounds that can be generated in the showroom 
environment and is consequently one of the components responsible for the initial impression 
of the car. In recent years increased effort has been put into this kind of components [3].   

1.2 Objective 

The Noise and Vibration Center (NVC) at Volvo Cars Corporation (VCC) Torslanda needs to 
develop its requirements regarding component sounds, such as the sounds of electric motor 
systems. At present, component sound requirements are set for the complete vehicle. These 
requirements are generally stated as A-weighted sound pressure levels in 1/3-octave bands. 
Components which produce the same level in dB(A) may sound very different and therefore 
NVC wishes to define measures that better describe the character of the sound [4]. Another 
aim is to strengthen the link between the requirement and a subjective evaluation.  
 
One objective of the project is to define a homogeneous Volvo sound for electric motor 
components in the complete vehicle. Another is to find measures that describe the quality and 
character of the sound and propose requirement levels for these measures. What features 
distinguishes a component sound with good sound quality?  
 
In this master’s thesis project the above mentioned is investigated by studying power window 
sounds. 
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2. Theory 

2.1 Sound quality  

The acoustic world often asks for a single-value descriptor for sound quality that can be used 
globally and that describes sound quality in a sufficient way [5]. In addition, the descriptor 
should be as easy to handle as the A-weighted sound pressure level. The problem is that 
generally neither the term sound quality nor the features that have to be described are defined 
precisely in advance.  
 
Blauert defined SQ as the "adequacy of a sound in the context of a specific technical goal 
and/or task" [6]. Another definition is "the degree to which the totality of the individual 
requirements made on an auditory event is met” [5]. 
 
A third definition goes as follows: "Product-sound quality is a descriptor of the adequacy of 
the sound attached to a product. It results from judgements upon the totality of auditory 
characteristics of the said sound – the judgements being performed with reference to the set 
of those desired features of the product which are apparent to the users in their actual 
cognitive, actional and emotional situation.” [4]. 
  
Cognitive influences and the multidimensionality of sound perception are the prime reasons 
for the difficulty in finding a general method to evaluate sound quality [7]. Factors related to 
the sound source, factors related to the situation in which the product is used, and factors 
related to the person using the product influence the evaluation. 
 
Consequently, sound quality is not an inherent property of the product [4]. It is rather 
something that develops when listeners are exposed to the product and judge it with respect 
to their desires and/or expectations in a given context. 
 
Many development aims in the automotive industry may easily be described with well-known 
nomenclature [8]. Sound quality is much more complicated to handle due to reasons 
previously mentioned.  

2.2 Temporal and spectral characteristics 

A typical opening of a power window consists of three phases [9]. The initial seal separation 
(starting event) T0, the opening (down travel) T1 and the stopping phase T2, figure 1 and 2. 
For the closing event, the sequence is reversed. Studying the figures, one can see that T0 and 
T2 are transient. T1 appears quite stationary but can be both dynamic and temporally varying.  
 
Components using electric motors produce strong tones proportional to the motor rpm. This 
can be seen in figure 2 showing the FFT versus time for a typical window opening. The rpm 
of an electric motor used for power windows is usually about 6000 corresponding to a 
frequency of 100 Hz. The 10th multiple of the rpm is often quite prominent in a power 
window sound.  The phenomenon causing this is explained in chapter 2.8.  
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Figure 1 Measured time-history function of a typical power window opening according to Lim [9]. 

 
 

Figure 2 FFT vs. time of a power window opening. 

 

2.3 The hearing system 

2.3.1 Hearing area 

The human auditory system is complex in its structure and function. The intensity and 
frequency range, to which the ear responds is wide, see figure 3 [10]. 
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Figure 3 The range of hearing [10]. 

 
The ear is relatively insensitive to low frequency sounds. For example, its sensitivity at 100 
Hz is approximately 1000 times less than its sensitivity at 1000 Hz. The frequency range is 
greatest in early childhood (20 – 20 000 Hz). Our sensitivity to high frequency sounds 
decreases with age. The selectivity of the auditory system is also worth mentioning. While 
listening to a symphony orchestra we are able to pick out the sound of a solo instrument, and 
in a noisy room crowded with people we can choose which speaker to listen to [10].  
 
The ear contains three parts, the outer, middle and inner ear, figure 4. 
 
 

Figure 4 The anatomy of the human ear [17]. 

2.3.2 Outer ear  

The outer ear contains of the external pinna and the outer ear canal (meatus). The pinna 
supports in collecting of sounds and contributes to our ability of sound location. Localization 
generally occurs through detection of phase differences at the two ears or the difference in 
arrive time. The ear canal acts as a pipe which lowest resonance frequency is given by a 
quarter of a wavelength, figure 5. As a result, the canal boosts hearing sensitivity in the range 
of 2000 to 5000 Hz [10, 11]. 
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Figure 5 Theoretical (dotted) and measured (solid) characteristics of the outer ear [12]. 

 

2.3.3 Middle ear  

The middle ear contains the eardrum and the three small bones malleus, incus and stapes. The 
bones are called ossicles. The middle ear begins with the eardrum which converts acoustic 
pressure variations into mechanical vibrations to be transmitted via the ossicles to the inner 
ear. Another function of the middle ear is the so called acoustic reflex which protects the 
hearing system from the effects of loud sounds [11]. 

2.3.4 Inner ear 

The inner ear consists of the semi-circular canals and the cochlea. The semi-circular canals 
are necessary for our balance but contribute little to hearing. The function of the cochlea is to 
transform mechanical vibrations into properly coded neural impulses to be processed 
eventually by the brain. The cochlea consists of a tube coiled into a spiral. The end where the 
oval and round windows are located is called the base and the other end is the apex. The tube 
is divided into three sections by Reissner´s membrane and the basilar membrane, figure 6. 
The inner channel is the scala media. The outer channels, named scala vestibuli and scala 
tympani, are filled with an incompressible fluid named perilymph.  Located at the apex there 
is a small hole called helicotrema through which perilymph can flow. Input mechanical 
vibrations result in a piston-like movement of the stapes at the oval window which moves the 
perilymph within the cochlea. These movements cause travelling waves which displace both 
the membranes, figure 7 [10, 11]. 
 

 
Figure 6 A schematic diagram of uncoiled cochlea [11].  Figure 7 Travelling waves within the cochlea [10]. 
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Figure 8 The basilar membranes frequency response [11]. 

 
 
The basilar membrane is narrow and thin at the base, becoming wider and thicker at the apex, 
figure 8. The membrane carries out a frequency analysis of input sounds. The small structure 
near the base responds best to high frequencies. At the apex, where it's wide and thick, the 
membrane responds best to low frequencies. The shape of the membrane changes gradually 
along its length. As a result, input pure tones at different frequency will produce a maximum 
basilar membrane movement at different positions along its length, figure 9. If the input 
sound is a complex tone, the overall basilar membrane response is the sum of the responses 
for each individual component [10, 11].  
 
 

Figure 9 Idealised envelope of basilar membrane movement to sounds at five different frequencies [11]. 

 
 
The conversion of movements of the basilar membrane into nerve firings is made by the 
organ of corti. The organ of corti consists of a number of hair cells distributed along the 
basilar membrane. When the hair cells are bent by input sound nerve firings are triggered.  
 
The linear distance measured from the apex to the point of maximum basilar membrane 
displacement is directly proportional to the logarithm of the input frequency. The frequency 
axis is therefore logarithmic [11].  

2.4 Recordings  

Good recording practices are important when preparing sound samples to be used in any jury 
evaluation of product sounds. An accurate representation of sounds is desirable so that the 
test subjects get the sensation of participating in the original auditory event. The most popular 
way of achieving this is through binaural recordings [13].  
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It is of great importance to be consistent while recording the sounds. If possible, all sounds to 
be used in a particular listening test should be recorded using the same sensitivity and 
equalization settings. The recordings should be made in quiet environments where only the 
intended sound is audible. The sounds should be free of unwanted noises that might interact 
with or distract from the test.  
 
In order to reduce experimental error due to biases it is important to incorporate a method of 
controlling sound presentation order. 

2.4.1 Artificial head 

If sounds are to be presented to subjects for evaluation in a listening test it is critical to record 
and reproduce the sounds as faithfully as possible [3]. Using an artificial head for binaural 
recordings is a common method of doing this. The artificial head allows aurally-accurate 
recordings which take the filtering properties of the head and ears into account. These 
filtering properties affect the spectral content of the sound and aid in localization of sound 
sources. 
 

Figure 10 The artificial head used for binaural recordings. 

 

2.4.2 Independent of Direction Equalization (ID) 

Equalization is necessary in order to make artificial head recordings and conventional 
recordings compatible with each other. As there are significant differences between the 
measurement systems, without equalization, the recordings cannot be compared and analyzed 
in a meaningful way [13]. 
 
Independent of direction equalization (ID) is a general-purpose equalization that nulls the 
resonances of the cavum and ear canal entrance. It considers only the direction-independent 
components and is therefore appropriate for all measurements that are not carried out under 
largely pure free field or diffuse field conditions. Sound fields in recording environments for 
product sound quality are usually neither diffuse nor free so ID equalization is the accurate 
choice. 
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2.5 Sound Car 

In order to provide realism to the subjective evaluation of existing vehicle NVH (Noise, 
Vibration and Harshness) problems and to facilitate the planning and design of new models 
and concepts, Sound Car has been developed [14]. The Sound Car at VCC Torslanda is a 
rebuilt Volvo S80 placed in a semi anechoic room, figure 11. The engine has been replaced 
by a computer, an equalizer, an amplifier and required electronics. The reproduction of sound 
and vibration is controlled with a HEAD SQlab system. Airborne sound is represented 
through subwoofers and headphones, and the vibration by shakers in the seat and a DC motor 
at the steering column, see appendix 1.  
 

Figure 11 The Sound Car at VCC is a rebuilt Volvo S80 placed in a semi anechoic room. 

 

2.6 Listening tests 
In this document, the term subject is used to refer to any person that takes part in the 
evaluation of sounds in a listening test. 
 
Otto, Amman, Eaton and Lake have written following guidelines regarding jury evaluations 
in the automotive industry [13].  

2.6.1 Listening environment 

The environment should be comfortable and inviting. The more clinical, the more 
apprehension and anxiety the subject will experience.  One should therefore aim for a 
listening environment as natural as possible. In order to achieve the most authentic 
experience and good results, sounds should be represented over headphones in the original 
sound environment, or a simulation of the environment. 
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2.6.2 Test subjects 
The listening experience level of the subjects should be appropriate to the task at hand and 
representative of the target customer. In most automotive sound quality work the subjects are 
not required to have previous listening experience. Using only experts may even be 
disadvantageous since they often pick up little things that are not particularly important to the 
customer. 
 
Judgments of sounds are always influenced by the listener's expectations. These expectations 
are affected by the listener's product experience. When selecting subjects one must be aware 
of these expectations. Generally, the product experience of the subjects should be matched to 
the task at hand. For example, when evaluating engine noise of sporty cars one would not use 
luxury car owners. Company employees may be used as subjects for most listening tests since 
they usually have exposure to all product sections. 
 
The group of subjects should contain a demographic mix that is representative of the product 
customers. 
 
How many subjects are required to achieve representative results? In general, the more 
subjects the better. For listening tests with company employees, 25 to 50 is usually an 
appropriate number of subjects.  
 

2.6.3 Training 
Training refers to the process of familiarizing subjects to both the sounds and the test. The 
amount of training should be adapted to the nature of the evaluation 
 
The evaluation of any given sound can be affected if subjects are not aware of the other 
sounds in the study. Therefore it's important that the subjects get to listen to all the sounds 
included in the test before the beginning of the evaluation. This is extra crucial when sounds 
are represented and evaluated sequentially. 

2.6.4 Test length 

The test length should generally be limited to 30-45 minutes to prevent listening fatigue. The 
number of sound samples included in a test is usually chosen based on the test length 
limitations. One must also consider the desired level of product variation. 
 
The instructions given to subjects are essential when trying to obtain good subjective data 
without unconsciously biasing the jury. It is therefore important that these are carefully 
considered. 

2.6.5 The semantic differential technique and VAME 

The semantic differential method allows evaluation of multiple sound characteristics. 
Subjects evaluate sounds on a number of descriptive response scales, using bipolar adjective 
pairs. A bipolar pair is an adjective and its antonym. The adjectives generally consist of 
attributes (e.g. quiet and loud) or impressions (e.g. expensive and cheap) of the sound. These 
lie at opposite ends of a scale with several gradations. Five, seven and nine point scales are 
common.  
 
Subjects choose the gradation that best fits their impression of the sound. It is very important 
to choose adjectives that are appropriate to the application. Technical engineering lingo is 
generally not good since customers are usually not familiar with these terms. One should also  
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avoid pairs that are closely associated with each other. This is particularly important when 
you consider that the practical limit of semantic pairs is 8-12.  
 
Verbal Attribute Magnitude Estimation (VAME) is a method similar to the semantic 
differential technique. Though, instead of using a bipolar pair the subjects are asked to judge 
how accurate an adjective is describing the sound. The sounds are assessed on a unipolar 
scale ranging from, for example, 0 to 8 with 0 representing "not at all" and 8 representing 
"much" [15]. 

2.7 Psychoacoustics 

Psychoacoustics deals with the relation between parameters of acoustical waves and 
attributes of auditory events [4]. The psychoacoustic methods are, unlike measures of sound 
pressure levels, related to how humans actually hear sounds. The methods are often met by 
scepticism by the industry in general. Partly because it is an uncommon field whose relation 
to technical applications is vague. Furthermore it seems like engineers have less confidence 
in a research field which name includes the word psycho [16].  

2.7.1 Critical bands 

The concept of critical bands is a basic feature of psychoacoustics [11]. Each component of 
an input sound will give rise to a displacement of the basilar membrane at a particular place. 
The displacement due to each individual component is spread to some extent on either side of 
the peak. Whether or not two components that are of similar amplitude and close together in 
frequency, can be discriminated or not depends on the level of separation between the 
displacements of the two components. Two pure tones are said to lie within the same critical 
band when they are so close in frequency that there is a considerable overlap in their 
amplitude envelopes on the basilar membrane [10]. The critical bandwidth varies with centre 
frequency, figure 11. The bandwidth is approximately 100 Hz up to a frequency of about 500 
Hz. At higher frequencies, a constant relative bandwidth of about 20 % shows up. At 
frequencies above 500 Hz, the critical bands can be proportional to 1/3-octave band filters, 
which have a constant relative bandwidth of 23 %. When placing the critical bands next to 
each other, the critical band scale or Bark-scale is created. The scale ranges from 1 to 24 and 
consequently corresponds to the first 24 critical bands of hearing [17].  
 

Figure 11 Critical bandwidth as a function of frequency. The broken line indicates approximations for low and 
high frequency ranges [17]. 
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2.7.2 Masking 

Masking is the phenomenon of one sound interfering with the perception of another sound 
[18]. It is one of the most basic effects in psychoacoustics.  Figure 12 shows the thresholds of 
pure tones masked by critical-band wide noise at centre frequencies of 0.25, 1, and 4 kHz. 
The level of each masking noise is 60 dB. One can see that the masked thresholds show a 
steep increase, and a somewhat flatter decrease. In other words, high frequencies are more 
effectively masked than lower frequencies. Narrowband noise causes greater masking around 
its frequency than does a pure tone of that frequency. The reason for this is that a larger 
portion of the basilar membrane is excited by the noise [18]. 
 

Figure12 Level of test tone just masked by critical-band wide noise with level of 60 dB, and centre frequencies 
of 0.25, 1, and 4 kHz. The broken curve shows the threshold in quiet [19]. 

 
If two sounds occur at the same time and one is masked by the other, this is referred to as 
simultaneous masking, figure 13. The tonality of a sound somewhat determines its ability to 
mask other sounds. A sinusoidal masker requires, for example, a higher intensity to mask a 
noise-like maskee than a loud noise-like masker does to mask a sinusoid [17].  
 
A weak sound emitted soon after the end of a louder sound is masked by the louder sound, 
and a weak sound just before a louder sound can be masked by the louder sound. These two 
effects are called pre- and post-masking, respectively [17]. 
 

Figure 13 Schematic drawing illustrating the regions within which pre-, simultaneous- and post-masking occurs 
[19]. 

2.7.3 Loudness and A-weighting 

Loudness is a dominant feature when it comes to sound-quality evaluation. Figure 14 shows 
the dependence of loudness of narrow-band sounds on frequency. The level of pure tones 
with the same loudness is given as a function of frequency. The solid curves are called equal-
loudness contours [17]. 
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Figure 14 Equal loudness contours in comparison to A-weighting (dashed curve), [11]. 
 
The unit used to label the equal-loudness contours in the figure is called phon, indicating the 
level of a 1 kHz-tone which produces the same loudness as the test-tone of frequency fT. The 
curves demonstrate that the hearing system is most sensitive for frequencies around 4 kHz. 
The reason for this is the previously mentioned resonance in the outer ear canal. 
 
To consider the frequency dependence of the ear different weighting filters are used while 
measuring sound pressure levels. The A-filter, figure 15 and dashed line in figure 16, is most 
common and was originally intended only for the measurement of low-level sounds. Now it 
is commonly used for the measurement of environmental and industrial noise when assessing 
potential hearing damage effects.  
 

Figure 15 A-weighting curve. 

 
It is though too simple to approximate loudness levels by the A-weighted sound pressure 
level. A-weighted levels only approximate loudness levels for sinusoidal tones or narrow-
band noises at lower levels. It does not consider the dependence of loudness on bandwidth. 



 13 

Figure 16 clearly shows that the loudness of broadband noise is systematically 
underestimated when using A-weighted levels [17]. The dB(A)-values of complex sounds are 
therefore quite misleading as indications of subjectively perceived loudness [19]. 
 

Figure 16 Loudness levels of noises with different bandwidth (solid) centered at 1 kHz for constant A-weighted 
level (dashed) [11]. 

 
Figure 17 demonstrates the sound processing in Zwicker's loudness model [17, 19]. The left 
panel shows the spectral distribution of a narrow-band noise centred at 1 kHz corresponding 
to 8.5 Bark. Panel 2 shows the corresponding masking pattern. In the right panel, the specific 
loudness pattern is displayed.  
 

Figure 17 Schematic picture of Zwicker’s loudness model [17]. 

 
The unit of loudness is sone. 1 sone corresponds to a sine tone of frequency 1 kHz and a level 
of 40 dB. Tones perceived twice as loud have the loudness value 2 sone, tones three times as 
loud have the value 3 sone, and so on. The unit of specific loudness is sone/bark [20]. 
 
The most important characteristic of Zwicker's model is that the area under the specific 
loudness curve is proportional to the perceived loudness.  In comparison to alternative 
spectral representations this direct relation is the great advantage of loudness patterns.  
 
Figure 18 illustrates the dependence of loudness on the duration of sounds. As can be seen, 
neither of the traditionally used time constants is in complete agreement with features of our 
hearing system. The time constant fast is though the most appropriate [17]. 
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Figure 18 The dependence of loudness on the duration of sounds [17]. 

2.7.4 Sharpness 

Sound signals whose spectral components are mainly located in the higher frequency range 
are perceived as sharp [20]. This sensation is called sharpness and is measured in the unit 
acum [19]. One acum corresponds to noise with 1 kHz centre frequency and 60 dB level and 
bandwidth equal to one critical band. The peak of the area below the spectrum envelope is 
crucial to the sensation of sharpness. The further this peak shifts towards the higher 
frequencies, the sharper the perception of the signal [21].  

2.7.5 Roughness and fluctuation strength 

The modulation of the sound pressure reaching the ears produces two types of sensation, 
roughness and fluctuation strength [21]. The sensation of fluctuation strength is perceived for 
modulation frequencies up to 20 Hz. It is measured in vacil and is reaching its maximum at 
about 4 Hz. One vacil corresponds to a 60 dB, 1 kHz tone with 100% amplitude modulation 
at 4 Hz. 
 
Envelope fluctuations between 20 and 300 Hz are perceived as roughness. Roughness is 
measured in asper and is reaching its maximum at 70 Hz. The reference signal for one asper 
is a 60 dB, 1 kHz tone with 100% amplitude modulation at 70 Hz. 

2.7.6 Tonality 

Tonality is a measure of the proportion of tonal components in the spectrum of a complex 
signal. The calculation of tonality is based on publications by Terhardt and Aures [22, 23]. 
Tonality is measured in tu. The reference signal for 1 tu is a sine tone of 60 dB at 1 kHz [19]. 
 
The model for tonality has been questioned since the perception of tonality is very individual. 
The amount of tonality can therefore be assessed subjectively [19]. An alternative technique 
of determining tonality is the specific prominence ratio method [25]. 
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2.8 Order analysis 

When it comes to acoustics in the automotive industry, order analysis is an essential part. An 
order is defined as a sinusoidal phenomenon at a frequency which is a fixed multiple of the 
rotation speed of the rotating source producing the phenomenon. The first order is identical to 
the frequency of the engine rpm, converted to revolutions per second. The second order is 
double the frequency of rpm, the third order the treble, and so on. For example, in a four-
cylinder four-stroke engine there are two firing pulses per revolution. The firing pulses result 
in a firing torque which can be expanded as sinusoids whose frequencies are multiples of the 
second order. 
 
It is well known that many components using electric motors produce strong tones 
proportional to the motor rpm [24]. The proportion is a constant related to the specific 
function such as gear ratio, number of poles in the motor, number of fan blades etc. The 
number of magnets in an electric motor used for power windows is generally ten. As a result, 
the tenth order is very dominant, see figure 19. 
 

Figure 19 FFT vs. time for a power window opening. 

2.9 Specific prominence ratio 

When discrete tones appear in broadband noise, the signal is perceived as being more 
annoying than the broadband noise signal itself, in absence of the tones [25]. The amount by 
which the complex tone-in-noise signal is more annoying than the noise alone seems to be 
related with the amount by which the tone sticks out above the noise. The psychological 
percept for this sticking-out of a tone is called prominence. The specific prominence ratio 
analysis is for identification of tonal components in a signal and their numerical 
representation. 
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The prominence ratio is defined as the ratio of power contained in the critical band centred on 
the tone under investigation to the average power contained in the two adjacent critical bands, 
one above and one below the middle band. The prominence ratio is computed in the 
following 5 steps. 
 
1. The power spectral density of the noise signal is measured. 
2. Determination of critical band noise power in the middle band, WM. 
3. Determination of critical band noise power in the lower band, WL. 
4. Determination of critical band noise power in the upper band, WU. 
5. Calculation of prominence ratio, ∆Lp. 
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Results bigger than zero indicates tonal components. If ∆Lp is greater than 7 dB for a discrete 
tone, then it is classified as prominent. 

2.10 Statistics 

2.10.1 Pair-wise T-test 

The T-test calculates whether the means of two groups are statistically different from each 
other. The pair-wise T-test is appropriate for testing the mean difference between paired 
observations when the paired differences follow a normal distribution, [26]. 

2.10.2 Confidence interval 

The confidence interval is the range of values of a population parameter that is assumed to 
contain the true parameter value. In this study, the population parameter of interest is the true 
mean value of the response data. Normally distributed data is assumed. The probability that 
the true mean value will be covered by the confidence interval is specified by the confidence 
level. Commonly used levels are 0.90, 0.95 and 0.99. In this case, large confidence intervals 
indicate large variability in the assessment of the sounds [26].  
 
If the subject responses obtained for two different sounds have confidence intervals with 
considerable overlap the mean values of the responses may not be different. The observing of 
overlapping confidence intervals might be an appealing method of determining whether 
significant differences exist. It is though a very qualitative method and if accurate 
significance testing is desired, other tests, such as the T-test for pair-wise comparisons, are 
more appropriate [13].  

2.10.3 Correlation 

In statistics, correlation, also called correlation coefficient, indicates the strength and 
direction of a linear relationship between two variables. There are several different 
coefficients used for different applications. The Pearson product moment correlation 
coefficient (PPMCC) is commonly used. It is obtained by dividing the covariance of the two 
variables by the product of their standard deviations. 
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The correlation coefficient assumes a value between −1 and +1. The correlation coefficient is 
negative if one variable tends to increase as the other decreases. If the variables tend to 
increase together the correlation coefficient is positive. If the value of the coefficient is 0, 
there is no linear relationship between the variables, and the linear model is inappropriate.  

2.10.4 Linear regression 

Regression analysis is a method used to evaluate the relationship between one dependent 
variable and one or several independent variables. The assumptions of normal distribution of 
the variables, linear relationships between the dependent variable and independent variables 
and equal variance among the independent variables are made. 
 
Linear regression provides a mathematical relationship between the dependent and 
independent variables. In this case the mathematical relationship is a straight line. The 
method used for fitting the data is the least squares estimation. 
 
The coefficient of determination or R2 is a measure often used to quantify the regression 
model fit. R2

 takes on values from 0 to 1 with 0 indicating no relationship and 1 showing 
perfect correlation. In order to improve the fit, independent variables are added to the 
regression model. One should keep in mind that the addition of more variables may not 
actually have a significant contribution to the prediction of the dependent variable. P-values 
for the individual independent variables are frequently used to evaluate how meaningful the 
contribution is. 1 minus the p-value is the probability that a variable is significant. In general, 
variables with p-values greater than 0.20 may be considered as questionable additions to the 
model.  
 
While using the method of linear regression it is crucial to remember that it is very easy to fit 
straight lines to small numbers of data points [13].  
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3. Method 

3.1 Measurements 

Power window sounds from nine different vehicles were recorded. Vehicle type ranged from 
sport utility vehicles (SUV: s) to luxury cars. The power window sounds were measured in a 
semi anechoic room which simulates an open space environment, figure 20. This kind of 
room prevents contamination by other sounds from surrounding sources, which are not 
related to the sound of interest. The measurements were made binaurally using HEAD Noise 
Book and an artificial head (HEAD HMS III) placed on the front passenger seat, see figure 
21. The artificial head was adjusted until its microphones were in ear positions for an average 
male passenger. For detailed information, see appendix 2. The passenger position was 
selected to ease the control of the opening and closing of the window from the driver’s side. 
Similar studies have shown that the perceived sound quality difference of the two positions is 
negligible [9].  
 

Figure 20 and 21 The recordings were made in a semi anechoic room with an artificial head. 
  

Due to different power supply the speed of the power window differs depending on whether 
the car engine is on or not since the battery supplies less power than the generator. At first the 
speed of the power window was measured with the car at idle. Then the car engine was 
turned off and the battery replaced with an external power supply. The power supply was 
adjusted until the power window had the same speed as the speed measured with the car at 
idle. Measurements of the sound were then made for both down and up travel of the window. 
The auto up/down function was used if existing.  

3.2 Listening tests 

Two listening tests were made during the study. The first was of a qualitative kind and its 
purpose was to get an idea of what potential customers may think about a power window 
sound. The second was a test based on Verbal Attribute Magnitude Estimation (VAME). 
Both tests took place in the Sound Car at VCC Torslanda. The subjects were seated in the 
passenger seat. The sounds were presented through electrostatic headphones over a calibrated 
HEAD Artemis playback system. The participants were given no information about the 
specific sounds. The sounds were simply named A, B, C and so on. In order to  
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avoid bias different play orders were used during the tests.  All subjects participated on a 
voluntary basis. 
 
Seven subjects, four women and three men, participated in the first listening test. The mean 
age was 37.9 years. They were all employees at VCC Torslanda but none of them worked at 
NVC, i.e. they came from other departments. Four of them had previous experience from 
listening tests. Three different power window sounds with different sound characters were 
chosen for the test. The complete power window event was to be judged. That is, the opening 
and closing including the starting and stopping phases. It was a qualitative test where the 
subjects were told to speak their mind about the sounds while considering some aspects, see 
appendix 3. For example, what they liked about the sounds, if there was something annoying 
about them, etc. Spontaneous impressions and the use of similes were encouraged. At the end 
of the test the subjects were asked to rank the power windows on the basis of their sound. The 
subjects got to listen to the sounds as many times as they wished. The test lasted for 
approximately 20 minutes.  
 
Thirty five subjects participated in the second listening test, seventeen women and eighteen 
men. The mean age was 34.6 years. Twenty four of them had previous experience from 
listening tests. Eighteen of the participants work at NVC. The other participants came from 
other departments at VCC Torslanda.  
 
The test was carefully constructed on the basis of the results from the first listening test and 
the method used for the test was the Verbal Attribute Magnitude Estimation (VAME). The 
first test showed that the travelling phase is most important at the assessment of power 
window sound quality. It has been stated that it is important to differentiate between travel 
portion and transients because they induce different perception problems from a sound 
quality and tactile standpoint [26]. Previously made studies have shown that the window 
opening is slightly more important to the overall sound quality than the closing event [9]. It 
has also been established that customer expectations of power window sound are essentially 
the same for window opening and window closing operations [28]. As a result, the window 
opening with the starting and stopping events excluded was chosen for further investigation 
in the second test. 
 
Even though the starting and stopping events were not to be assessed they were not excluded 
from the window opening sounds presented to the subjects. Listening to power window 
sounds without the starting and stopping events is very odd and there is a risk of losing the 
realistic feeling that Sound Car provides. Before the test it was emphasized to the subjects 
that the starting and stopping events were not to be assessed. 
 
In the second test all nine power window sounds were to be assessed. One of the sounds was 
played twice in order to check the subjects' consistency. In total ten power window sounds 
were therefore to be judged by the subjects. The time for the test was approximately 20 
minutes. 
 
When the subjects arrived to the test they received instructions about the test and a 
questionnaire, see appendix 3. Both the instructions and the questionnaire were written in 
Swedish. The subjects were asked to judge how accurate the adjectives dull, loud, annoying 
and steady are describing the sound of the power windows. The questionnaire also contained 
the questions Does the power window sound powerful?, Does it sound like a quality power 

window? and Does it sound as if the power window engine has been given too small  
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dimensions? Every sound was assessed on a unipolar scale ranging from 0 to 8 with 0 
representing "not at all" and 8 representing "much". For each sound there was also an open-
comments section. 
 
At first the subjects got to listen to all sounds included in the test in order to get an idea of the 
range covered. The sounds were then sequentially assessed. Each sound was repeated with a 
three second pause until the subjects had answered the questionnaire, i.e. they got to listen to 
the sounds as many times as they wished.  

3.3 Analysis 

The power window sounds evaluated in the first listening test were compared to the present 
requirement at NVC regarding power windows. The requirement is stated as A-weighted 
sound pressure levels in 1/3-octave bands. The starting and stopping events are excluded 
from the analysis. 
 
The data from the second listening test was statistically analyzed using MINITAB 14. Pair-
wise T-tests were used for the doublet sound in order to evaluate the test persons´ 
consistency. Any differences in the assessments made by NVC employees and employees 
from other departments were also evaluated with a pair-wise T-test. The same method was 
used to evaluate possible differences in the judgment made by men and women. The 
confidence level used for the T-tests was 95 %. 
 
Confidence intervals with a confidence level of 95 % were calculated in order to find 
significant differences between the power window sounds of the cars on the basis of the 
questions in the test. Then the Pearson product moment correlation coefficient for all 
combinations of the aspects evaluated in the listening test was calculated.  
 
In order to find potential objective measures that would reflect the results from the listening 
test a comprehensive number of acoustical analyses were done. The software used for the 
analyses was HEAD Artemis 7.0. The analyses of the window opening phase were done with 
the starting and stopping event excluded, i.e. the phase analyzed was the same as the one 
assessed in the listening test. Generally requirements of similar kind at NVC are stated for the 
outer ear position. If nothing else mentioned, the mean value of the acoustical analyses for 
the right channel has therefore been used during the study.  
 
Common analyses such as the A-weighted sound pressure levels in 1/3-octave bands and the 
mean value of the sound pressure level in dB(A) were carried out for the frequency range 20 
Hz -20 000 Hz. The psychoacoustical analyses loudness, sharpness, roughness, fluctuation 
strength and tonality were done. Additionally, less established analysis methods such as 
specific prominence ratio were used in the evaluation. 
 
The listening tests revealed that sounds with a time-varying character negatively affect the 
perceived quality of the power window. In addition, previously made research of similar 
sounds has shown that frequency variations induce perception of weakness and inconsistency 
[24]. Consequently, it was important to find a measure that describes the amount of frequency 
variations.  
 
It is speed variations in the electric motor that gives rise to the frequency variations. Ideally, 
the speed of the motor should be constant. However, load fluctuations mainly due to 
geometric misalignment and adverse mounting conditions result in speed variations [9]. 
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In order to evaluate the frequency variations an rpm-signal was added to each power window 
file by tracking the strongest engine order in the Artemis pulse wizard, see figure 22. 
 

Figure 22 Order tracking in Artemis pulse wizard. 

 
Then the rpm versus time was analyzed and a measure named Approximate rpm Deviation 
(ARD) was created. The measure is defined by equation 2 and figure 23. The deviation is 
given in percent.  
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Figure 23 rpm-values used in equation 2. 
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One can see that most of the electric motor sound is located in a limited range of frequency. 
Additionally, previously made studies have shown that bandpassed loudness may be a useful 
measure in the assessment of power window sound [1, 9]. Therefore loudness analyses of the 
sounds using 2nd order Butterworth high and low pass filters with different frequency limits 
were done. The frequency limits that gave the best correlation with the subjects’ perception 
of loud were chosen for further analysis. The bandpassed sound pressure levels in dB(A) 
were also evaluated.  
 
Then additional statistical analyses were carried out. Finally new requirements for power 
window sounds were considered. 
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4. Results and discussion  

4.1 Listening test 1 

Summary of subject opinions from the first listening test. 

Car 1 

� Steady and low frequency engine sound.  
� Strong, dull, powerful, reliable and distinct. 
� Loud stopping event at the opening of the window. 
� Some subjects thought a scratching sound during the traveling part was negative, other saw 

it as positive since it masked the engine sound. Most participants noticed the scratching 
sound but didn't think of it as being neither positive nor negative.   

Car 2 

� Steady and high frequency engine sound.  
� Unpleasant, annoying, neutral, cheap, loud, hollow and squeaky.  
� Annoying motor harmonics. 
� A power window of poor quality. 

Car 3 

� Unsteady and high frequency engine sound. It sounds weak and tired on its way up. 
� It sounds as if the power window will break or as if the car battery is low.  
� Slow, wobbling and boring. 
� A power window of poor quality. 
� Frequency variations give the impression of an engine which has been given too small 

dimensions. 
 
At the ranking of the sounds car 1 was the best according to five of the seven participants. 
The power window sounds from car 2 and 3 were equally liked/disliked. The starting and 
stopping events were generally not mentioned by the participants unless they were 
specifically asked about them. A somewhat loud stopping event could even be regarded as 
positive since it clearly indicates that the window is closed.  Due to this the start and stopping 
events were excluded from further investigation in the study.  
  

Figure 24 and 25 A-weighted sound pressure levels in 1/3-octave bands of the closing events of car 1(to the left) 
and car 3 compared to the present requirement at NVC. 
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Figure 24 and 25 shows the A-weighted sound pressure levels in 1/3-octave bands of the 
closing events of car 1 and car 3 compared to the present requirement at NVC. One can see 
that car 1 clearly not fulfils the present requirement at NVC while car 3 almost completely 
fulfils the requirement. This is not in agreement with the subjects´ assessments. Therefore 
one can conclude that the requirement needs to be improved in order to reflect the subjective 
assessment in a better way. The comparisons to the present requirement for all sound events 
assessed in the first listening test can be found in appendix 5.  

4.2 Listening test 2 

4.2.1 T-tests 

Pair-wise T-tests showed no significant differences in the assessment of the doublet sound.  
The test persons´ opinions can therefore be considered as consistent.  
 
The pair-wise T-test showed no significant differences in the assessments made by men and 
women. Any significant differences between the assessments made by NVC employees and 
employees from other departments were neither seen. 
 
The design of the test was quite simple and the sound to be assessed not very complex. Most 
people are familiar with the sound of a power window. It is possible that bigger differences 
between the assessments made by NVC employees and by other employees could have been 
seen in a more difficult task. 

4.2.2 Confidence intervals 

The confidence intervals in figure 26-29 show the results of the subjects´ assessment of how 
accurate the adjectives dull, loud, annoying and steady describe the sounds of the power 
window. 
 
While studying the intervals one should keep in mind that the extremes of the scales (e.g. "0" 
and "8") are generally not used. The sounds were assessed sequentially, and consequently the 
subjects avoid extreme ratings for the current sound just in case an upcoming sound is better 
(or worse) [13]. 
 

N
o
t 
a
t 
a
ll 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
M

u
ch

IHGFEDCBA

8

7

6

5

4

3

2

1

0

95% CI for the Mean

Figure 26 The assessment of dull.  
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 Figure 27 The assessment of loud.
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The power window sounds from car F and H were assessed as significantly duller than the 
other sounds with the exception of car I. The confidence interval in figure 27 reveals that the 
sounds from B and E were assessed as significantly louder than the others. Car C and H have 
the least loud power window sounds according to the subjects. 
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 Figure 28 The assessment of annoying. 
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 Figure 29 The assessment of steady.
 
   

 The sounds from Car B and E are regarded as most annoying by the subjects, figure 28. They 
are also assessed as the least steady sounds, figure 29. The least annoying sounds are those 
belonging to car C, F and H. The sounds from car A, F, G and H are assessed as significantly 
steadier than the other power window sounds. 
 
Confidence interval 30 - 32 reveals the subjects´ response to the questions; Does the power 
window sound powerful?, Does it sound like a quality power window? and Does it sound as 
if the power window engine has been given too small dimensions?. 
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 Figure 30 Responses to the question Does the 

power window sound powerful?. 
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 Figure 31 Responses to the question Does it sound 
like a quality power window?. 

 
 
Figure 30 shows that the sounds from car F and H are perceived as significantly more 
powerful than the others. They are also judged as the power windows which sound most 
qualitative, figure 31. Car B and E is regarded as the power windows with the least 
qualitative sound. 
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Figure 32 Does it sound as if the power window engine has been given too small dimensions? 

 
According to the subjects, the power windows belonging to car B, D, E and I were assessed 
having motors which sounded as if they had been given somewhat too small dimensions. Car 
F and H were, on the basis of their sound, not at all regarded as power windows having weak 
engines.  
 
The confidence intervals indicate that there is a correlation between several of the features 
assessed in the test.  For example, there seems to be a strong relation between dull and 
quality, loud and annoying, and steady and quality.  In order to insure that correlations really 
exist correlation coefficients were calculated. 

4.2.3 Correlation and linear regression 

Table 1 shows the Pearson product moment correlation coefficient and p-values for all 
combinations of the aspects evaluated in the listening test. The questions Does the power 

window sound powerful?, Does it sound like a quality power window? and Does it sound as if 

the power window engine has been given too small dimensions? are from now on represented 
by the words powerful, quality and weak. 
 
 

 Quality Annoying Dull Loud Steady Powerful 

correlation -0.968      
Annoying 

p-value 0.000      

correlation 0.740 -0.740     
Dull 

p-value 0.022 0.023     

correlation -0.878 0.953 -0.617    
Loud 

p-value 0.002 0.000 0.077    

correlation 0.833 -0.769 0.320 -0.685   
Steady 

p-value 0.005 0.016 0.402 0.042   

correlation 0.926 -0.814 0.709 -0.659 0.797  
Powerful 

p-value 0.000 0.008 0.032 0.054 0.010  

correlation -0.948 0.857 -0.606 0.721 -0.902 -0.967 
Weak 

p-value 0.000 0.003 0.084 0.028 0.001 0.000 
Table 1 Correlation coefficients and p-values for all combinations of the aspects evaluated in the listening test 
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As indicated by the confidence intervals there are a strong correlation between several 
features.  
 
Quality correlates positively with dull, steady and powerful. A linear regression results in the 
equation 
quality = - 0.432 + 0.485 dull + 0.481 steady + 0.199 powerful (3). 
 
The value of the coefficient of determination, R2, is 94.8 %. The p-values for dull, steady and 
powerful are 0.053, 0.042 and 0.588, respectively. Variables with p-values greater than 0.20 
are questionable additions to the model. Therefore the variable powerful is removed from the 
model which results in the equation 
 
quality = - 0.287 + 0.573 dull + 0.568 steady  (4). 
 
The value of R2 is 94.5 %, and the p-values for the variables dull and steady 0.002 and 0.001. 
The values indicate a very strong relationship between the variables. Consequently, a quality 
power window should have a dull and steady sound. 
 
As can be seen in table 1, annoying correlates positively with loud and weak. Linear 
regression gives the equation 
 
annoying = - 1.03 + 0.863 loud + 0.380 weak  (5). 
 
The value of the coefficient of determination, R2, is 96.9 %. The p-value for loud is 0.001, 
and the value for weak is 0.015. Thus, a loud power window sound and a weak sounding 
motor are clearly regarded as annoying.  
 
Table 1 also reveals that the perception of a weak sounding motor negatively correlates with 
the sensation of steady. 
 
Consequently, a requirement containing measures that correlates with the perceptions of loud 
and steady are desirable. 
 
Figure 36 and table 2 show that bandpassed loudness corresponding to 300-1500 Hz strongly 
correlates with the subjects´ perception of loud. The A-weighted sound pressure level, the 
bandpassed (300-1500 Hz) A-weighted sound pressure level and the level of loudness (not 
bandpassed) do not correlate equally much to the subjects’ perceptions, figure 33-35. 
Bandpassed loudness might therefore be a suitable measure for the perception of loud and a 
maximum level of six sone seems to be a reasonable requirement.   
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 Figure 33 Scatter plot of loud and the A-
weighted sound pressure level. 
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Figure 34 Scatter plot of loud versus the A-
weighted bandpassed sound pressure level (300 -

1500 Hz). 

sone

S
u
b

je
c
ti
v
e

 r
a

tin
g

 o
f 

lo
u

d

14131211109

7

6

5

4

3

2

1

I

H

G
F

E

D

C

B

A

 
 Figure 35 Scatter plot of loud versus loudness. 
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Figure 36 Scatter plot of loud and the bandpassed 

loudness (300 -1500 Hz).
 
  
 

  

correlation 0.790 
SPL [dB(A)] 

p-value 0.011 

correlation 0.866 
Bandpassed (300-1500 Hz) SPL [dB(A)] 

p-value 0.003 

correlation 0.780 
Loudness [sone] 

p-value 0.013 

correlation 0.921 
Bandpassed loudness (300-1500 Hz) [sone] 

p-value 0.000 
Table 2 Correlations between measures and the subjective rating of loud. 
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Figure 37 rpm vs. time for car C. 

 
 

Figure 39 rpm vs. time for car G. 

 

Figure 38 rpm vs. time for car E. 

 
 

 
Figure 40 rpm vs. time for car H. 

 

Figure 37 - 40 show the rpm versus time for the power window sounds belonging to car C, E, 
G and H. The figures indicate that the motors are running at about 6000 rpm. This 
corresponds to a first motor order of approximately 100 Hz. C and E seems to have a high 
amount of frequency variations while the rpm’s belonging to G and H are quite constant. 
The calculated values of the developed measure ARD are in agreement with this observation, 
table 3. 
 

Table 3 Calculated values of ARD. 

 
Car C, which has a high value of ARD, is not assessed as particularly unsteady by the 
subjects. A probable cause is the fact that the sound of the power window engine belonging 
to car C is very quiet. It does not stand out as much as the engine sounds of the other power 
windows in the study and consequently its frequency variations are less audible. 

Car A B C D E F G H I 

ARD [%] 2.14 19.70 20.40 12.10 13.80 4.54 2.64 4.39 17.0 
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Table 4 and the scatterplots in figure 41 reveal that the correlation between steady and ARD 
is stronger with car C excluded. 

 Figure 41 Scatterplots of steady versus ARD. Car C is excluded in the figure to the right. 

 
 

correlation -0.813 
ARD [%] 

p-value 0.008 

correlation -0.936 
ARD [%], car C excluded  

p-value 0.001 
Table 4  Correlation between ARD and the subjective rating of steady. 

 
A comparison of the linear regressions with and without C can be seen in figure 42 and 43. 
With C included the value of R2 is 66.1 % and the p-value is 0.008. The value of R2 is 
increased to 87.7 % and the p-value decreased to 0.001 when C is excluded. Consequently, a 
high level of frequency variations can be acceptable as long as the sound of the motor does 
not stick out. 
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Figure 42 Linear regressions with C included. The 
p-value is 0.008. 
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Figure 43 Linear regressions with C excluded. The 
p-value is 0.001. 

 

Figure 42 and 43 reveals that the values of ARD divide the power window sounds into two 
groups, one with values lower than 5 % and another with values higher than 12 %. Since 
there are no values between 5 and 12 % it is quite difficult to set a certain upper limit suitable 
for a requirement.  
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A previously made study evaluated the amount of frequency variations by measuring the 
power window translation velocity [9]. A conclusion made was that the translation velocity 
should not vary more than 10 % throughout the entire temporal range in order to avoid 
annoyance. 
 
A proper limit to start with might therefore be an ARD-value of 10 %. The limit for the 
requirement may then be adjusted as the experience of the measure grows.  
 
The specific prominence ratio analysis is for identification of tonal components in a complex 
signal. Figure 44 and 45 show the results of the specific prominence ratio analysis of C and 
E. A value greater than 7 dB indicates prominent tones. Both C and E have a high level of 
ARD (frequency variations). The sound belonging to car C does not have any prominent tones 
while E has at least two. The tones located at 500 and 100 Hz are the 5th and 10th motor order, 
respectively. The sound from car E was assessed as one of the most annoying sounds and the 
sound from car C as one of the least annoying. In the assessment of annoyance, one can 
therefore assume that frequency variations are less important for sounds that lack prominent 
tone components. The specific prominence ratio analyses for all sounds can be found in 
appendix 7. 
 
 

Figure 44 and 45 Specific prominence ratio analysis of C and E. 

  
One could assume that the psychoacoustic measure sharpness would correlate negatively with 
the perception of dull. This was not the case. A possible cause could be that there were power 
windows in the test which had a dull motor sound but also a high frequency scraping sound. 
Therefore a sound could be assessed as dull even if it obtained a relatively high value of 
sharpness in the acoustical analysis. 
 
With the exception for loudness, none or little correlation could be seen between the subjects´ 
assessments and the psychoacoustics measurements. 
 
A linear regression containing the variables annoying, ARD and bandpassed loudness (BPL) 
results in the equation 
 
annoying = - 3.53 – 0.0155 ARD + 1.20 BPL  (6). 
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The value of R2 is 86.1 %. The p-value for ARD is 0.650, and the value for weak is 0.001. 
This is not a good regression model since the p-value for ARD is too high. Variables with p-
values greater than 0.20 may generally, as previously mentioned, be considered as 
questionable additions to the model. 
 
With C excluded R2 increases to 88.1 %. The p-value for ARD is though still too high. 
A regression analysis where the dependent variable annoying is replaced by quality gives a 
similar value of R2. The p-values are also of the same size as in the model with annoying as 
the dependent variable.  

5. Requirement proposal 

The bandpassed loudness corresponding to 300-1500 Hz must not exceed 6 sone for the outer 
ear position.  
 
The Approximate Rpm Deviation (ARD) should not exceed 10%. 
 
The requirement proposal is stated for power window sounds with the starting and stopping 
events excluded. 
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6. Conclusions  

This master thesis project has shown that in the assessment of power window sounds, 
frequency variations combined with strong tonal components seem to be perceived as 
annoying. In the sound quality assessment of a power window the starting and stopping 
events are less important than the travelling phase. The sound of the transient starting and 
stopping events would probably have to be extremely bad to be perceived as annoying. 
 
The linear regression model with annoying as the dependent variable and the measures ARD 
and bandpassed loudness as independent variables is not perfect. Although a better model is 
desired, it is not necessarily required for metrics that capture “error states” in sounds [29]. 
Even if one sound might be assessed to be more annoying than another sound, both might be 
classified as very unacceptable. A metric with a linear relation to subjective impressions is 
not necessary in this case.  
 
If a single value measure is desired the regression model developed can be used to compare 
metric versus acceptability ratings. Then, on the basis of these evaluations, broader categories 
for the metric can be developed. However, I can not see that a measure containing both a 
requirement level of ARD and a requirement level of bandpassed loudness, would be 
disadvantageous in comparison to a single value, based on the regression model.  
 
A perfect regression model was never to be expected. The developed measure Approximate 

Rpm Deviation (ARD) is, just as it says, an approximation of the rpm variations. It does not 
say anything about the speed of the variations, when the variations occur, or whether the 
frequency increases, decreases or fluctuates.   
 
Sounds from nine different power windows were assessed in the study. Conclusions made 
from the evaluations would have been more certain if the study had contained more sounds. 
The proposed requirement levels can therefore be seen as a starting point that should be 
adjusted with time as the experience of the measure grows. 
 
One way to achieve more sounds is by editing the recorded sounds with filters. Though, this 
is hard to do without ruining the realism of the sounds.  
 
It was important from NVC's point of view to keep the requirement simple. Employees at 
NVC had to find the requirement easy to understand and easy to use. Furthermore, and of 
more importance, it had to be easily explained to, and understood by others than acousticians. 
The cars are developed on a project basis with a number of different people involved. For 
example, if a requirement cannot be communicated to a supplier, it is more or less useless. 
Therefore strive for correlation with subjects' assessments had to be balanced with simplicity. 
 
The proposed requirement might also be useful when it comes to requirements regarding 
other systems using electric motors. Seat adjustments and power sun roofs are two 
applications with similar sounds as the power window. An initial thought was to try the 
proposed requirement on this kind of applications within the master’s thesis project. Due to 
lack of time this part was left out.  
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The assessment of the power window of car C showed that frequency variations due to motor 
speed variations are not always annoying. If the electric motor is quiet and the power window 
sound not contains any prominent tonal components, the amount of frequency variations is 
less important. The specific prominence ratio could be a useful tool in order to find out 
whether a power window sound contains strong tonal components. However, before 
implemented in a requirement the analysis should be further investigated. 
 
Requirements at NVC are generally stated as A-weighted sound pressure levels in 1/3-octave 
bands. This is a requirement setting that the employees are familiar with. Therefore some 
efforts were made to develop a new requirement in the same manner but with new 
requirement levels for the 1/3-octave bands. To find levels that only approved the power 
window sounds that had been assessed as good sounding without simultaneously approving a 
power window that sounded really bad, was an impossible task. Requirements stated as A-
weighted sound pressure levels in 1/3-octave bands gives very poor information regarding the 
sound quality of the product.  
 
Worth mentioning is the realism that Sound Car provided to the listening test. The realistic 
feeling was often commented by the participants and it happened more than once that the 
subjects turned their heads against the window to check if the window was moving as the 
sounds were played.  
 
Poor correlations between acoustical measures and subjective assessments were found. This 
was probably caused by subjects’ tendency to assess only the power window motor sound, 
neglecting the window-seal-scratching. 
 
A good Volvo sound for components with electric motor systems should according to the 
subjective evaluation be dull, steady and not too loud. Frequency variations combined with 
strong tonal components should be avoided since it is perceived as annoying. 
 
There is no easy way to describe sound quality with objective measures. Therefore, I believe 
it is necessary to have some kind of subjective assessment as a part of a sound quality 
evaluation. 
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Appendix 1 

Schematic sketch of Sound Car. 
 
 
 



Appendix 2 
Measuring positions 
 
 

 
 
 

 

 

 
 

Car Distance X [mm] Distance Y [mm] 

A 2500 1250 

B 2300 1220 

C 2200 1240 

D 3000 1250 

E 2300 1190 

F 2400 1200 

G 2400 1220 

H 2300 1240 

I 2300 1210 



Appendix 3 
Listening test 1 
 

Lyssningstest elhissar    
    
 
Ålder ____ år 
 

Kön 

 
�  Man �  Kvinna 
 

Tidigare erfarenhet av lyssningstest? 

 
� Ja   � Nej 
 

Har du någon form av hörselnedsättning? 

 
� Ja   � Nej 
 
Om ja, vilken? _____________________________  
 
 
Din gode vän Patrik har investerat i en ny Volvo S80 och tar med dig på en åktur. Patrik kör 

och du sitter i passagerarsätet. Han är väldigt stolt över sin nya bil och vill därför 

demonstrera alla funktioner i bilen, bland annat elhissarna. Innan Patrik startar bilen hissar 

han därför ned fönstret på din sida. Sedan hissar han leende upp fönstret och ni glider iväg… 

 
Du kommer först att få höra några exempel på hur en elhiss kan låta. Därefter följer 3 olika 
ljudspår som du i tur och ordning får bedöma och reflektera kring. Du har möjlighet att lyssna 
till varje spår flera gånger om så önskas. För en korrekt ljudåtergivning är det viktigt att du 
tittar rakt fram under uppspelningen av ljuden. 
 
När du lyssnar till ljuden skall du fundera kring följande: 
  

• Vad är bra med elhissljudet?  

• Vad är dåligt?  

• Finns det något hos ljudet du irriterar dig på?  

• När i tiden upplever du ljudet som bra? Dåligt? Irriterande? 
 
Gör gärna liknelser!  
 
När du lyssnat till och bedömt de 3 ljudspåren skall du rangordna ljuden utifrån det 
helhetsintryck du fått av respektive ljud.  
 
Kom ihåg att det inte finns något facit till ett lyssningstest! 
 
Dina uppgifter kommer att behandlas konfidentiellt. 
Tack för din medverkan! 



Listening test power windows 
 
 
 
Age: ____  
 
Gender 

 
�  Male �  Female 
 

Do you have any previous experience of listening tests? 

 
� Yes   � No 
 

Do you suffer from any hearing disorders? 

 
� Yes   � No 
 
If yes, what kind? _____________________________  
 
 
Your old friend Patrick has purchased a new Volvo S80 and takes you for ride. Patrick is 

driving while you are sitting in the passenger seat. He is very proud of his new car and takes 

every opportunity to demonstrate the features, for example the power windows. Therefore, 

before he starts the engine he opens the window on your side. Then he closes it, starts the 

engine and you cruise... 

 
First you will hear a couple of examples of power window sounds. After that you will listen 
to three different sounds for you to assess. You may listen to each sound as many times as 
you like. In order to achieve a correct sound representation it is important that you look 
straight ahead. 
 
While listening to the sounds you should consider the following: 
  

• What is good about the sound? 

• What is bad?  

• Is there something annoying about the sound?  

• When in time do you perceive the sound as good/bad/annoying? 
 
After listening to the sounds you should rank them according to the perceived general 
impression. 
 
Remember that there are no right or wrong answers!  
 
Your responses will be confidential and anonymous. 
 
Thank you for participating! 
 



Appendix 4 
Listening test 2 
 
 

Lyssningstest elhissar    
   
 
Ålder ____ år 
 

Kön 

 
�  Man �  Kvinna 
 

Har du någon tidigare erfarenhet av lyssningstest? 

 
� Ja   � Nej 
 
Har du någon form av hörselnedsättning? 

 
� Ja   � Nej 
 
Om ja, vilken? _____________________________  
 

Arbetar du på Ljud- och Vibrationscentrum? 

 
� Ja   � Nej 

 

 
Din gode vän Patrik har investerat i en ny Volvo S80 och tar med dig på en åktur. Patrik kör 

och du sitter i passagerarsätet. Han är väldigt stolt över sin nya bil och tar därför vara på 

varje chans att demonstrera dess funktioner, till exempel elhissarna. Innan ni påbörjar 

åkturen öppnar han därför fönstret på din sida. Sedan startar han bilen och ni glider iväg… 

 
Du kommer först att få lyssna till samtliga tio ljud som ingår i testet. Därefter får du lyssna 
till ett ljud i taget och bedöma några av dess egenskaper med hjälp av ett frågeformulär. Varje 
ljud upprepas med en paus på tre sekunder mellan varje upp-spelning. Du får lyssna till varje 
ljud så många gånger som du önskar. För en korrekt ljudåtergivning är det viktigt att du tittar 
rakt fram under uppspelningen av ljuden. 
 
Det är ljudet då rutan öppnas som du kommer lyssna till. (Även under den inledande 
uppspelningen av samtliga ljud.) Fönsteröppningens startljud, stoppljud samt ljud från 
knapptryckningar skall ej bedömas utan bara ljudet från själva öppningen. Det vill säga ljudet 
då rutan åker ned. 
 
Kom ihåg att det inte finns något facit till ett lyssningstest! 
 
Dina uppgifter kommer att behandlas konfidentiellt. 
Tack för din medverkan! 



Ljud 1. 

 

Hur väl beskriver nedanstående adjektiv ljudet från elhissen? 

 
 Inte alls       Mycket  

Dovt 0 1 2 3 4 5 6 7 8 

 
Inte alls       Mycket  

Högt (ljudnivå) 0 1 2 3 4 5 6 7 8 

 
Inte alls       Mycket  

Irriterande 0 1 2 3 4 5 6 7 8 

 
Inte alls       Mycket  

Jämnt (i tiden) 0 1 2 3 4 5 6 7 8 

Låter elhissen kraftfull? 

 
Inte alls       Mycket 

 0 1 2 3 4 5 6 7 8 

Låter elhissen som om den är av god kvalitet? 

 

Inte alls       Mycket 
 

0 1 2 3 4 5 6 7 8 

Låter elhissens motor underdimensionerad? 

 

Inte alls       Mycket  
 

0 1 2 3 4 5 6 7 8 

 
 
Kommentarer:  

 ______________________________________________________ 

  

 ______________________________________________________ 



Listening test power windows   
  
 
 
 
Age: ____  
 
Gender 

 
�  Male �  Female 
 

Do you have any previous experience of listening tests? 

 
� Yes   � No 
 

Do you suffer from any hearing disorders? 

 
� Yes   � No 
 
If yes, what kind? _____________________________  
 

Employee at Noise and Vibration Center? 

 
� Yes   � No 

 

Your old friend Patrick has purchased a new Volvo S80 and takes you for ride. Patrick is 

driving while you are sitting in the passenger seat. He is very proud of his new car and takes 

every opportunity to demonstrate the features, for example the power windows. Therefore, 

before Patrick starts the engine he opens the window on your side. Then he starts the engine 

and you cruise... 

 
First you will listen to all power window sounds included in the test. After that you will listen 
to the same sounds one at the time and assess certain properties of each sound. Every sound 
will be repeated with a three seconds pause between each repetition.You may listen to each 
sound as many times as you like. In order to achieve a correct sound representation it is 
important that you look straight ahead. 
 
It is only the sound during the opening phase that you will listen to and then assess. I.e. the 
sound when the window is travelling down. The sounds of the starting and stopping events 
shall be excluded from your assessment.  
 
Remember that there are no right or wrong answers!  
 
Your responses will be confidential and anonymous. 
 
Thank you for participating! 



Sound 1. 

 

How accurate are these adjectives describing the sound of the power window?  

 
 Not at all       Much  

Dull  0 1 2 3 4 5 6 7 8 

 
Not at all       Much  

Loud 0 1 2 3 4 5 6 7 8 

 
Not at all       Much  

Annoying 0 1 2 3 4 5 6 7 8 

 
Not at all       Much  

Steady 0 1 2 3 4 5 6 7 8 

Does the power window sound powerful? 

 
Not at all       Much 

 0 1 2 3 4 5 6 7 8 

Does it sound like a quality power window?  

 

Not at all       Much 
 

0 1 2 3 4 5 6 7 8 

Does it sound as if the power window has been given too small dimensions? 

 

Not at all       Much  
 

0 1 2 3 4 5 6 7 8 

 
 
Comments:  

 ______________________________________________________ 

  

 ______________________________________________________ 

 



Appendix 5 

Comparisons to the present requirement. 
 
 

  
 
 

  
 
 

 



Appendix 6 

rpm vs. time  
 
A_opening_no start stop ( 0.00- 2.22 s).RPM(...) v s. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

B_opening_no start stop ( 0.00- 1.81 s).RPM(...) vs. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1 1.25 1.5 1.75  
 
C_opening_no start stop  ( 0.00- 2.48 s).RPM(...) vs. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1 1.5 1.75 2 2.25

D_opening_no start stop ( 0.00- 2.83 s).RPM(...) vs. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.5 1 1.5 2 2.5  
 
E_opening_no start stop ( 0.00- 2.11 s).RPM(...) vs. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1.25 1.5 1.75 2

F_opening_no start stop ( 0.00- 2.64 s).RPM(...) vs. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.5 1 1.5 2 2.5  
 
G_opening_no start stop ( 0.00- 2.26 s).RPM(...) v s. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25

H_opening_no start stop ( 0.00- 2.37 s).RPM(...) vs. Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1 1.5 1.75 2 2.25  
 
I_opening_no start stop ( 0.00- 2.40 s).RPM(...) vs . Time. n/rpm

5k

5.5k

6k

6.5k

7k

7.5k

8k

t/s0 0.25 0.5 0.75 1 1.5 1.75 2 2.25  



Appendix 7 

Specific prominence ratio 
 

 

 
 
 

 
 
 

 
 



 
 
 

 
 
 


