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ABBREVIATIONS 

COA – Center of Area defuzzification technique 

COG – Center of Gravity defuzzification technique 

DoE  – Design of Experiment 

FIS  – Fuzzy Inference System 

FLC  – Fuzzy Logic Control 

LAeq  – equivalent continuous sound pressure level, dB 

LOM – Largest of Maxima defuzzification technique 

MOM – Mean of Maxima defuzzification technique 

P. C.  – Penal Code 

RSM  – Response Surface Methodology 

SOM – Smallest of Maxima defuzzification technique 

vi  – impact speed, km/h 
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1. INTRODUCTION 

The importance of acoustic comfort has grown in the past few years in case 

of passenger cars since, regarding consumer side, the quality of the vehicle is 
strongly influenced by that criterion. Nowadays, passenger cars have to meet 

sophisticated requirements of which travel comfort is one of the most important 

ones from consumer side, that means even the ergonomic design of the interior 

and the acoustical well-being as well. 

Further expectations of the consumers are: 

- minimizing distraction caused by driving noise, 

- reducing unwanted sound effects from the external environment, 

- on the other hand, the comprehensibility of verbal communication 

between passengers in the vehicle should be maximized. 

As a result, reducing the audibility of sound effects from the environment 
(road-, traffic- and other unwanted noises), the so-called noise insulation of the 

cabin is gaining importance. Nevertheless, the complete exclusion of the sound 

effect coming from external sources conflicts road safety issues. 

Minor vehicle collisions belong to a particular section of road accidents, 

where the impact speed is vi = 1 ~ 5 km/h, the critical question is to investigate 

the perceptibility of the incident. However, the concept is not clearly defined as 

several problems are to face. 

In contrast to accidents occurred with higher velocity, several problems 

are to handle from judicial, medical, and technical points of view as well. 

Regarding engineering concerns, the accompanying sound phenomenon of minor 

collisions is, in most cases, at the threshold of human hearing. Additionally, the 
detection is worsened by operating auxiliary equipments in the interior (e.g., 

HVAC and audio systems, etc.) and by the company as well. Furthermore, the 

magnitude of the impact energy is much lower, thereby only slight optic surface 

damages (scratches) are resulted after the incident. The most or the whole part of 

that energy amount is absorbed due to the design and materials of modern bumper 

systems. The requirements laid down in the Regulation of bumpers include the 

expectation to absorb impact energy by elastic deformation until a determined 

impact velocity: vi ≤ 4 km/h (vi ≤ 8 km/h in the USA). 

Item, further difficulties can be faced at the temporal analysis of the 

incidents. Since the impact energy is quite low, the phase of vehicular separation 

after the crash is mostly missing [1], which makes the perception and realization 
more complicated. 

Figure 1 illustrates the legal aspects of these incidents and the problem of 

regulation. It can be said that the issues related to minor collisions are not dealt 

with in detail in Hungarian professional law either. In fact, two key concepts 
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emerge "letdown" and "failure to help", which focus on personal injury. However, 

low-intensity collisions are outside the scope of this regulation. In most cases, 

injuries requiring immediate medical attention do not occur. Possible problems 

come later, such as injuries to the cervical spine and soft tissues, or pregnant 

women (especially in the third trimester) are a particularly vulnerable group [2]. 

 
Figure 1: The legal questions of minor collisions based on [3] 

As a result, the investigation of the perceptibility is to fulfill. The judgment 

of the detectability of low speed crashes is not an obvious problem. The process 

in an analytical opinion is as follows: 

Schneider [4] says that there are three different fields of detection to be 

investigated. The critical point of visual perception is whether the driver saw the 
accident. In case of passenger cars, a critical situation is reversing from a parking 

place where a quite poor visibility is provided from the driver’s seat. The most 

A collision occurred
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P. C. 239. §
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scene
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Does not provide 
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is in imminent danger

No possibility of 
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No visible / 
insignificant material 

damage



 

6 

 

crucial point is whether the view of the driver was directed in the way of the 

contact or not. 

Acoustic perception means the audibility of the sound effect the accident is 

followed by. There are several disturbing factors those can be divided into two 

groups. Sounds from external sources are the engine and the environment; inner 

ones are the comfort electronic systems and other disturbances. The cabin is 

shaded against outer acoustic disturbances, which worsens the detection. 

The third opportunity is tactile and kinesthetic perception that is based on 
the detection of the pushes caused by the impact using the sense of balance. Since 

the body is a complex construction, it does not have a constant stiffness. That is 

the reason why a key question is the location of the contact. Weakened parts are 

the door. Having a contact on a door provides a sound effect 75% lower than in 

case of crashing the B-pillar. 

 

Figure 2: The fields of investigating perceptibility according to Schneider [4] 

Typical case of minor collisions is to leave the parking space. In this case, 

the orientation of the gaze is continuously changing due to its necessary 

migration. In addition, in many cases, visual conditions cannot be called ideal. 

Impact perception is also worsened as the organ of the sense of balance is in the 
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inner ear. The fluid in the semicircular arc passes continuously as a result of head 

movement, so these factors can significantly complicate perception. 

Having considered all the above-mentioned issues, the scope of the 

dissertation emphasizes investigating the audibility of minor vehicle collisions. 

The structure is as follows. Preliminary hypotheses are set at the beginning, which 

is followed by a literature review on experimental techniques and results from the 

past few years. The next chapter defines the most important acoustic elements. In 

the fourth section of the dissertation, the measuring methods are presented. The 
detailed investigations of the hypotheses follow that part. Finally, the new 

scientific results are introduced by formulating four theses.  
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2. MATERIALS AND METHODS 

Investigations were carried out on a SKODA FABIA COMBI vehicle, which 

is a B-segment estate car. 
Acoustic measurements fulfilled can be divided into two groups: subjective 

evaluations (without measuring instruments) and objective ones (with measuring 

instruments). 

In the case of the subjective measurements, pure sine tone was used. The 

feedback was given by the people taking part in the studies. Their job was to sign 

when detecting the sound effect in the interior. The aim of the experiments was 

to determine the parameters affecting the lower boundary of perceptibility. 

Airborne noise measurements were carried out with a Hohner Stereo 50 

portable double speaker sound system and a Svantek 959 Sound&Vibration 

Analyzer. Experimental runs were implemented in a quiet, closed space. The 

speakers were placed on the two sides of the sample vehicle at a distance of 1 m. 

In line with the recommendations for vehicle interior noise measurements of ISO 
5128-1980 [5] and Putra et al. [6], the windows and doors of the sample vehicle 

were closed and the noise analyzer – marked with red – was installed in the cabin 

at the driver’s right ear position. 

Pink noise was chosen as a measurement signal via the acoustic experiments 

that is a random signal that has an equal amount of noise energy in each octave 

[7]. 

The first input parameter was the sound pressure level of the cabin in case of 

each operating status of the sample vehicle that significantly characterizes the 

internal environment [LJ1]. The other independent variable was the sound 

pressure level of the external excitation sourcing from the outer environment that 

is familiar with the accompanying sound phenomenon of the collision occurred. 
Both inputs were set at three levels. Experimental runs were developed at each 

possible combination of the independent variables. 

Since most traffic noise prediction models deal with equivalent continuous 

sound pressure level (LAeq, dB) [8], what is more, that parameter is strongly related 

to the changes of the environment [9] and to the objective evaluation of interior 

sound quality [10] [11] that was measured at each experimental combination. 

The results of the acoustic measurements were evaluated by different ways: 

with the help of statistical (RSM) and soft computing methods (Mamdani and 

Sugeno type fuzzy inference systems for parameter prediction) as well. 

In the case of Response Surface Methodology, LAeq dependent parameter was 

defined by a second-order approximating function. Based on the main effects 
plots and significance tests, a reduced empirical model was generated.  

conformity was investigated via further confirmation measurements. 
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In fuzzy predictive modeling, the effect of the defuzzification technique was 

analyzed for the Mamdani type model. Looking for the optimal concept, the 

results were compared to the ones of the Sugeno type inference. 

Finally, the accuracy, applicability, and generalization ability of each method 

(statistical and soft computing as well) were examined. 

  



 

10 

 

3. THESES INTRODUCED IN THE DISSERTATION 

The new scientific results of the investigations were summarized in four 

theses. 

 

1. Thesis 

A novel method was developed based on Design of Experiments (DoE), 
which enables the filtering of parameters influencing the frequency of the 

sound effect that can be considered as noticeable in the passenger 

compartment of a passenger car. 
 

 The aim was to investigate several parameters affecting the human acoustic 
perceptibility inside a stationary vehicle in case of pure sine examining signal 
during subjective measurements. 

 The following statements were introduced: 

- Starting and operating the internal combustion engine is a key parameter 
that significantly affects the appreciability in the interior. 

- Another critical factor is the status of the fresh air fan. 

- The above-mentioned parameters have a positive impact on the 
frequency of the detected noise: 

o the higher level of the factors resulted an enhanced frequency, 

o and perceptibility was worsened. 

- In addition, opening the front left window was found to be significant as 
well. 

The setting of the worst detectability was determined, as well. 

Results were used in further studies when choosing independent variables 
[LJ1] [LJ2]. 
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2. Thesis 

Phenomenological model was generated by help of Response Surface 

Methodology (RSM) to estimate the noise level produced in the vehicle 

interior. 

 

Airborne sound measurements were carried out in quiet enclosed space. 

The working conditions of the sample vehicle and the external excitation 

were chosen as independent variables. Both independent variables were set in 
three levels. Since both independent input variables were varied at three levels, 

the experimental design contained nine measurement points; these were all 

possible combinations of the levels. In the investigations, pink noise was used as 

measuring noise. The equivalent continuous sound pressure level was registered. 

Response surface methodology (RSM) was used to evaluate the measurements A 

second-order approximating function was generated in the form of Eq. (1), where 

the output parameter was the recorded equivalent continuous sound pressure 

level. 

2121 1717,00584,192,1524,28 xxxxLAeq   (1) 

The conformity of an empirical model can be examined by help of the 

residuals. The following conclusions were drawn: 

- Eq. (1) is proper to predict cabin noise level with an adequate accuracy 

in the examined interval of the independent variables. 

- The extent of the residuals is in the range of  -1.7…1.2 dB, which is 

narrow interval. 

- Furthermore, they follow Gaussian distribution with a mean of 
approximately zero and a low value of standard deviation. 

- In addition, it can be said that the magnitude of the residuals does not 

significantly depend on the fitted value. 

To sum up, residuals showed that the empirical relationship shown in Eq. (1) 

is proper to estimate the equivalent continuous sound pressure level of the vehicle 

interior with an adequate accuracy. Item, to present the applicability of the model 

in the whole interval of input parameters examined, further confirming 

investigations were carried out. The outcome proved that Eq. (1) approaches well 

the measured results [LJ3][LJ4]. 
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3. Thesis 

It was revealed that in the case of Mamdani type fuzzy inference system, 

Largest of Maxima (LOM) defuzzification technique provides the highest 

accuracy for cabin noise prediction. 

 

Based on experimental data, a multi-input single-output Mamdani fuzzy 

inference system was generated in order to estimate the equivalent continuous 

sound pressure level occurred in the vehicle interior. 
Finally, the results gained by five different defuzzification methods were 

compared, and the optimal technique was chosen. 

The conclusions are as follows: 

- It can be stated that centroid and bisector method gave the highest range 

of errors: -5.20…6.29% for COG and -4.64…5.30% in case of COA. 

- It was revealed that each maxima method provided the same results 
regarding the measurement points with the error rate of –0.34…0.51%, 

which is accurate enough to predict the interior noise level in the cabin. 

- In order to verify the application of the model and compare the result of 

maxima methods, further confirmation measurements were carried out. 

- It can be said that each maxima technique provides an accuracy high 

enough. However, Largest of maxima method gives the most precise 

results and the lowest range of errors when studying the original and the 

confirmation measurements together. [LJ5][LJ6].  
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4. Thesis 

A Sugeno type fuzzy prediction model was constructed for objective 

quantification of the vehicle interior noise. 

 

It was revealed that the accuracy of phenomenological models can be 

enhance by using soft computing methods. Thus, the optimal technique was 

investigated to predict the equivalent continuous sound pressure level of the 

vehicle interior. 
The results of the Mamdani and the Sugeno type inference systems were 

compared with the following conclusions: 

- In both cases, the magnitude of the residuals is low enough; however, 

Sugeno’s concept provides a narrower range. 

- The residuals of Sugeno type FIS follow Gaussian distribution with a 

mean of nearly 0 and a low value of standard deviation. 
Furthermore, the generalization ability of the methods used in the dissertation 

was compared. The aim was to find a concept which is proper for the estimation 

of the cabin noise not only in case of one vehicle but for a whole category. 

Based on the examinations of the different methods (statistical and soft 

computing ones as well) that the best generalization ability was found in the case 

of Sugeno type fuzzy prediction model [LJ7][LJ8]. 
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4. PRACTICAL APPLICATIONS 

Regarding road traffic environment, it can be concluded that the most 

controversial element is the human in the system. It is tough to make objective 
statements when those types of features have to be judged that characterize living 

beings. Perception belongs to this specific group. 

 Methods, presented within the framework of the dissertation are appropriate 

for quantifying cabin noise. The aim was to introduce a simple and easily 

evaluable concept to characterize the noise level of the vehicle interior. 

 The above-mentioned methods can function as input for expert decision 

support systems when investigating the audibility of vehicle collision occurred 

with low speed. 

Especially, fuzzy-based, soft computing methods are proper to handle the 

lack of information and vagueness within the systems. That feature makes these 

concept an adequate method to make subjective and relative evaluations. 

In the future, the aim is to improve the mentioned techniques into a complex 
FLC (Fuzzy Logic Control) system, which is able to determined the degree of 

acoustic perceptibility based on fuzzy input variables as well. 
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