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Abstract

:

Road traffic noise is one of the most prominent sources of urban noise pollution. Recently, as a result of the electrification of vehicles, lower noise levels are expected in urban areas at speeds below 50 km/h. The commonly used physical descriptor, the A-weighted sound pressure level, does not sufficiently characterize the perceived annoyance of either combustion engine or electric passenger car pass-by noises. Psychoacoustical descriptors are advantageous for characterization purposes. The objective of this study was to evaluate the perceived annoyance caused by the noise from internal combustion engine, electric, and hybrid passenger cars using psychoacoustical properties. To achieve this objective, the following steps were conducted. First, the binaurally recorded sounds of 40 cars from different brands with different motorization were presented to the subjects who indicated the intensity of their perceived annoyance on a quasi-continuous scale. Second, the signal and psychoacoustical properties of the recorded sounds were analyzed. Third, a new annoyance index was developed, based on annoyance judgments and signal and psychoacoustical properties, to characterize the annoyance caused by pass-by noises. One of the novel aspects of this study is the consideration of not only the pass-by sounds of the internal combustion engine passenger cars, but also the pass-by sounds of hybrid and electric passenger cars. An acceleration from idle to a target speed of 50 km/h was selected as a traffic pass-by situation, which differs from those considered in previous studies. The results of the study show that psychoacoustical properties, such as loudness, tonality, roughness, and fluctuation strength, are very useful to characterize the annoyance perception, which is caused by single passenger car pass-by sounds in the above mentioned traffic situation. The developed index, which is a weighted combination of chosen psychoacoustical properties, can be very useful for traffic planning and traffic noise prevention measures.
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1. Introduction


Traffic noise is a serious worldwide problem. In Germany, 54 percent of the population complain about road traffic noise, 44 percent feel strongly disturbed by aircraft noise, and 38 percent feel strongly disturbed by train noise, according to recent research by the German Federal Environment Agency [1]. A reduction in urban noise is important to increase the quality of life and reduce health problems that are based on noise emissions. The relationship between traffic-noise-related annoyance and health problems was reported in a World Health Organization report [2]. The Guideline Development Group (GDG) defined this annoyance as a critical health outcome, and according to the guidelines, annoyance was the most objective measure of health outcomes. Noise annoyance may be part of the causal pathway of noise-induced cardiovascular and metabolic diseases [3,4,5,6]. Some previous studies found that there is a strong relationship between perceived annoyance by aircraft noise and mental health issues such as depression and anxiety [7,8]. The Gutenberg Health Study showed that the degree of noise annoyance reported by people living in the vicinity of the Frankfurt Airport was strongly associated with the degree of depression and anxiety [9]. Considering these aspects, it is important to find perceptually relevant sound properties to predict the perceived noise annoyance.



Until now, most scientific research and noise maps have been based on measured or calculated A-weighted equivalent continuous sound pressure levels or maximum time-weighted and A-weighted sound pressure levels with a FAST (t = 125 ms) time constant [2]. For daily noise exposure, the GDG strongly recommends reducing the noise levels produced by road traffic below 53 decibels (dB) Lden (day-evening-night-weighted sound pressure level) and reducing the noise levels produced by road traffic during night time below 45 dB Lnight (equivalent continuous sound pressure level when the reference time interval is during the night). If the sound properties, except for the sound pressure level, remain unchanged, an increase in the sound pressure level is directly proportional to the percentage of the population that is “highly annoyed” (%HA).



In the European Union and in several countries around the world, the vehicle pass-by noises are measured and evaluated according to the international standard ISO 362 [10]. This standard defines the sound pressure level thresholds for the pass-by noises. After long-term experience and the identification of several problems with the previous standard, the measurement method and other contents of the regulation were updated 6–8 years ago [10]. The updated standard takes into account particularly typical daily life urban driving conditions rather than only 50 km/h constant driving. The final “pass-by noise level” is calculated as a weighted average of the noise emitted by the vehicle in a full-load acceleration and at constant speed [11]. The current legislation has stricter sound pressure level limits and also includes the new driving conditions.



However, the sound pressure level is only one noise parameter among many other parameters and does not properly represent all the perceptual aspects of the noise. For example, temporal aspects play an important role in the perceived annoyance. Our hearing sense is very sensitive to each kind of temporal change. If noise events occur regularly or irregularly, or if noise events have fluctuating or modulating characteristics (such as diesel knocking), they are more annoying than stationary noise events.



Additionally, recent studies have shown that the spectral characteristics, high-frequency content, and tonality can play an important role in the perceived annoyance of various product sounds [12,13,14]. Except for the sound pressure level, the psychoacoustical and signal properties are also important for the perceived annoyance of electric car sounds. In particular, the sharpness and tonality of electric car sounds differ strongly from those of internal combustion engine (ICE) car sounds [15,16,17]. The tire-road noise, which can be a dominant sound source at some velocities depending on the engine type, can be better characterized using psychoacoustical parameters, such as loudness and sharpness, rather than A-weighted equivalent mean average sound pressure level (LAeq) or the A-weighted maximum sound pressure level (LAmax) [18,19,20].



The studies, which were conducted within the framework of the EU Project “Quiet City Transport”, showed that loudness, sharpness, roughness, impulsiveness, and relative approach are important psychoacoustical properties to describe the perceived annoyance of the pass-by sounds [21,22,23,24,25,26]. The studies of Marquis-Favre’s team showed that particularly the sensation dull/shrill, which can be characterized by the total energy of tonal components within critical bands from 16 to 24 barks, can describe urban road single-vehicle pass-by noise annoyance [27,28].



The aim of this study is to find perceptually relevant measures for the characterization of the noise annoyance caused by pass-by noise of passenger cars, including conventional, hybrid, and electric cars with and without an acoustic vehicle alerting system (AVAS) and signal. A real-life traffic pass-by situation, which is an acceleration from idle to 50 km/h, was selected for this study. The consideration of the hybrid and electric passenger cars including AVAS is one of the important novel aspects of this study. The selected pass-by situation differs from the existing literature [21,22,23,24,25,26,27,28]. To achieve the above-mentioned aim, the exterior noise signals of passenger cars, such as diesel, gasoline, hybrid, and electric, were recorded. Then, the recorded signals were analyzed, and psychoacoustical metrics were calculated. In parallel, a listening test was conducted to evaluate the perceived annoyance. The results of the psychoacoustical analyses and the annoyance evaluation test were correlated.




2. Pass-By Noise Annoyance Evaluation Experiment


Considering the above-mentioned previous scientific results and discussions, an annoyance evaluation experiment for pass-by noises was conducted to identify perceptually relevant measures for traffic noise annoyance.



2.1. Participants


Twenty-two people, including twelve men and ten women aged between 22 and 51 years, participated in the experiments. The participants had a normal hearing ability for their age (as determined by the testing). They were paid for their participation on an hourly basis. All participants had no specific knowledge of acoustics.




2.2. Stimuli


Representative vehicle types from different brands with different forms of motorization were selected. The sounds of 40 cars (11 cars with gasoline engines, 6 cars with diesel engines, 6 cars with hybrid engines, and 17 cars with electric engines) were recorded using an artificial head (HEAD acoustics HMS IV) that was placed 7.5 m from the middle of the vehicle according to ISO 362. The height of the artificial head ears was adjusted to 1.65 m. Some electric cars with and without an AVAS warning sound were recorded. The driving conditions involved an acceleration from idle (50 m from the artificial head) to 50 km/h. The cars reached a maximum speed of 50 km/h in front of the artificial head. Figure 1 shows a schematic representation of the pass-by traffic situation and measurement setup.




2.3. Methodology


The listening test was conducted in a sound-insulated laboratory. The participants received an instruction and were asked to imagine a scenario as if they were actually there. The scenario was that they were in their flat/house, sitting in a room with an open window to a street in front of the flat/house. They heard various vehicle sounds and were asked to evaluate the annoyance of the sounds on a quasi-continuous scale, for which Rohrmann tested the equidistance of neighboring categories, of not at all (0), slightly (25), moderately (50), very (75), and extremely (100) annoying [29]. The length of the slider was 100 mm with a resolution of 1 mm. The score on this scale was equal to the distance (mm) from the left end of the bar. A graphical user interface in MATLAB [30] was implemented for the evaluation experiments (see also [31]). Figure 2 shows the slider and the scale, which was used in this study.



Stimuli were presented in a random order. The actual listening test was preceded by a training session. In this training session, several pass-by noises were presented to the subjects to introduce the stimuli range. The stimuli were presented in a sound-insulated laboratory via a calibrated headphone of Sennheiser type HD 600 and with the equalizer (HEAD acoustics PEQ IV).




2.4. Results


For a statistical analysis of the results, Shapiro-Wilk tests were used to check that the resulting dataset fulfilled the requirements for conducting a repeated measure analysis of variance (ANOVA). The annoyance ratings of the 40 recorded car sounds, which were averaged over all participants’ scores, were sorted in ascending order, as shown in Figure 3.



The results show that the annoyance levels of the vehicle sounds were rated in the range of 15 (slightly annoying) to 93 (extremely annoying). Most of the electric vehicle sounds were rated less annoying than ICE vehicle sounds. These results are in line with the literature data [15,16,17,32,33]. There are some very annoying electric cars with an AVAS, but at the same time, there are some slightly annoying electric cars with an AVAS. As expected, the AVAS will increase the annoyance of electric car sounds, but the type of AVAS sound plays an important role in the perception. Some AVAS sounds were rated less annoying than other AVAS sounds. Our previous studies showed that it is possible to design minimally annoying AVAS sounds that are detected at a safe distance in traffic [16].



To understand which parameter can describe the perceived annoyance most appropriately, various analyses were conducted. First, the sound pressure levels of the car sounds were calculated. A regression analysis between the sound pressure levels in dB(A) and the annoyance judgments of the 40 vehicle sounds resulted in a coefficient of determination, which quantifies the strength of a linear relationship and the proportion of explained variance [34], R2 = 0.34. Figure 4 shows the relationship between the annoyance rating and the average sound pressure level. The correlation between the average sound pressure level and the annoyance ratings is very low. The sounds of both car groups, such as ICE (red dots) and hybrid/electric (green/blue dots), form two different groups, because the annoyance ratings of both groups differ from each other as discussed at Figure 2. The sounds of electric and hybrid electric passenger cars cause in most cases less annoyance than the sounds of ICE cars. Their average sound pressure levels are slightly lower or comparable to those of ICE cars.



Previous studies showed that the maximum sound pressure level occurring in the interval of a vehicle pass-by is a better measure than the average sound pressure level [35,36]. The maximum sound pressure level (Lmax) values of the vehicle sounds and the annoyance ratings are shown in Figure 5. The regression resulted in a coefficient of determination of R2 = 0.65. This result shows that the maximum sound pressure level is more suitable for describing the perceived annoyance than the average sound pressure level, because the correlation between the annoyance ratings and the average sound pressure level is very low (R2 = 0.34).



Both the average and maximum sound pressure levels, which can be easily measured and determined, describe the perceived annoyance to a limited extent. Aurally adequate analyses are more suitable for describing the perceived annoyance, quality, and pleasantness of household appliance sounds, medical equipment sounds and auditory signs [12,13,14,37,38]. To describe the perceived characteristics of car pass-by noises, the psychoacoustical properties of the noises were calculated using different perceptual models.



A panel consisting of five acoustic experts and five naive participants with no technical background or specific acoustic knowledge listened to car pass-by noises and discussed their annoyance levels. The signal properties of the stimuli were analyzed using Short-Time Fourier Transform (STFT) and sound pressure level versus time analysis. The frequency content over time and several level properties, such as LAeq, Lmax, LAF, LAS, etc., were determined. Psychoacoustical properties, such as loudness, tonality, roughness and fluctuation strength, were selected as proper indicators for the annoyance characterization, taking into account the panel discussion, signal analyses of the car pass-by noises, and annoyance ratings from the listening experiment. Although sharpness was also considered as a possible indicator, the analysis results (von Bismarck model [39]), which can be found in Figure 7b, showed that the sharpness differences of the pass-by noises were very small and not very consistent with the annoyance ratings. An index was developed to account for the relationship between the annoyance ratings and the calculated psychoacoustical parameters. In this index, the Zwicker model was used for the calculation of the loudness (according to ISO532-1 [40]), the model from ECMA-74 was used for the calculation of the tonality, the Sottek model was used for the calculation of the roughness [41,42,43], and the Terhardt model was used for the calculation of the fluctuation strength [44]. The weightings of the psychoacoustical properties given in Equation (1) were determined considering the feedbacks during the panel and the relationship between the annoyance ratings and the results of the psychoacoustical properties. An important criterion was the differences in the numerical values of the psychoacoustical properties. For example, the numerical value of the loudness of car pass-by noises is 40 to 100 times higher than that of the tonality value. Another important criterion was to iteratively check if additional psychoacoustical property improves the coefficient of determination. If so, it was important to find which weighting delivers the optimum result without neglecting the feedback of panel members. The weighting of tonality gives tonality slightly lower importance than loudness in the equation. The numerical value of the loudness of pass-by noises is 10 to 20 times higher than that of the roughness value. Consideration of roughness in the equation improved the coefficient of determination. However, the contribution should be limited because of the achievement of an optimum coefficient of determination. The numerical value of the loudness of pass-by noises is 500 to 1000 times higher than that of the fluctuation strength value. Consideration of fluctuation strength in the equation also improved the coefficient of determination. However, the contribution should be limited because of the achievement of an optimum coefficient of determination. All these weightings are also in line with the feedback of the panel members.


AI = N5 + 60 × T5 + 2 × R + 50 × FS,



(1)




where AI is the “annoyance index”, N5 is the percentile loudness in sone (according to [39]), T5 is the percentile tonality in tu (according to [42]), R is the roughness in asper (according to [43]), and FS is the fluctuation strength in vacil (according to [44]). A regression analysis between the developed annoyance index and perceived annoyance ratings resulted in a coefficient of determination of R2 = 0.91. Figure 6 shows the results of regression analysis between the annoyance index and annoyance ratings.



The relationship between the annoyance index (AI) and annoyance ratings (AR) was determined by linear fitting and can be described as:


AR = 1.714 × AI − 18.806,



(2)







Trollé et.al. proposed the Total Energy of Tonal Components (TETC) Index, which is presented in Equation (3), to characterize the high-frequency content due to the squeal noise of single tramway pass-by sounds [45]. Klein et al. showed that the TETC Index can characterize the breaking noise of urban road single-vehicle pass-by noises and annoyance-relevant sensation of dull/shrill due to single pass-by noises very well [27]. The driving condition and types of vehicles of this study differ from these investigations [27,45]. However, it is interesting to analyze the suitability of the TETC Index for the characterization of the perceived annoyance caused by the pass-by noise from internal combustion engine, electric, and hybrid passenger cars in this study.


  TETC = 10   log   10    (    ∫   16   24     10    (  L  ( z )  / 10  )    dz  )  dB ,  



(3)




where TETC is the Total Energy of Tonal Components within critical bands from 16 to 24 barks and Lz is the maximal (across time) level of the tonal components as a function of the critical band rate z. As the sharpness results are not suitable to characterize the pass-by noise evaluation results in this study, the analysis of the TETC index can be useful. The TETC Index values of the vehicle sounds and the annoyance ratings are shown in Figure 7a and the sharpness values of the vehicle sounds and the annoyance ratings are shown in Figure 7b (sharpness model: von Bismark [39]). The results show that the TETC Index has a clearly better correlation with the annoyance evaluation results than sharpness.



According to these results, the consideration of the TETC index at the annoyance index (Equation (1)) makes sense. However, the participation of the TETC index to the annoyance index, which was proposed in this study, did not cause better estimation of the annoyance index. The relationship between the index (AI = N5 + 60 × T5 + 2 × R + 50 × FS + TETC) and the annoyance ratings are shown in Figure 8. The regression resulted in a coefficient of determination of R2 = 0.84.



Taking this result into account, it was decided to propose the annoyance index from the Equation (1) to characterize the perceptual annoyance ratings of the car pass-by noises. The possible reason why TETC cannot strongly support the annoyance index, which is proposed in this study, will be discussed in the next section.





3. Discussion


Based on the experiments in this study, an attempt was made to provide insight into the relationship between the signal and psychoacoustical parameters of passenger car sounds and the perceived annoyance ratings. The analyses, which were conducted in this study, show that Lmax gives better results than the corresponding average sound pressure level to characterize the perceived annoyance of passenger car pass-by noises. Although Lmax seems to be helpful in describing the perceived annoyance, both the average and maximum sound pressure levels can describe the perception only to a limited extent. Psychoacoustical properties, which are based on perceptual models, are helpful for considering the various perceptual characteristics of car pass-by sounds. Therefore, an annoyance index, which is based on loudness, tonality, roughness, and fluctuation strength, is developed in this study. The correlation between the developed index and annoyance ratings is very high. The results show that the psychoacoustically motivated annoyance index can be very helpful for estimating the perceived annoyance and accordingly noise-annoyance-based health problems. This result is in line with various studies that evaluated the auditory annoyance of pass-by noises, household appliances, and information technology devices [12,13,21,24,27,43]. The analysis of the annoyance rating results and the panel discussion show that the perceived loudness of car pass-by sounds plays an important role in the perceived annoyance. The psychoacoustical property of loudness takes into account not only the frequency sensitivity of the human ear but also the spectral and temporal masking properties of the auditory system using a perceptually motivated ratio scale. Discrete tonal components, narrowband noise, and steep discontinuities in the noise spectra attract our attention more strongly than broadband noise alone [34]. STFT is helpful and was used in this study to identify the tonal components and their levels/frequencies in the pass-by sounds. A spectral analysis of car pass-by sounds using STFT shows that some of the sounds have strong tonal components. This is particularly true for electric cars, because in most cases electric motor or gear mechanisms produce strong tonal components. Additionally, the AVAS sounds mostly have a strong tonal character. In addition to loudness, the tonality should be taken into account for the estimation of the perceived annoyance. This finding is in agreement with our previous investigations, which underlined the importance of tonality not only for the perception of annoyance but also for the detection of car sounds [16,17]. STFT analysis shows that car pass-by sounds have modulated components in some cases. This is true not only for ICE cars, where modulated components arise because of engine orders or diesel knocking, but also for electric cars, where tonal components occur within a critical band of human hearing. Such temporal variations, such as roughness, are strongly noticeable. Therefore, the psychoacoustical property of roughness is included in the annoyance index. The fluctuation strength is useful for considering the slow temporal variations of car pass-by sounds. To consider the nonstationary character of car pass-by sounds, which was discussed in Section 1, the 5th percentile of the loudness and tonality values were taken into account. This kind of approach has also been applied in other psychoacoustical studies [14,34]. The experts and participants have the opinion that the high frequency content of the pass-by sounds (dull/shrill) is important for the perceived annoyance. However, the sharpness values of the sounds were not meaningful for this aim. The analyses showed that the TETC is much more suitable for the characterization of the pass-by noise annoyance. This result was in line with the findings of [27]. However, a possible contribution of the TETC to the proposed annoyance index was negligible. A possible reason is the high correlation between the loudness (N5) and the TETC index values (R2 = 0.85). Because the loudness is already considered at the annoyance index, the contribution of the TETC index was small. The TETC index is a useful analysis for the pass-by sounds. Depending on the driving condition, its importance can vary.



Relative approach analysis is a powerful tool to identify and characterize signal changes and distinct patterns in temporal and spectral domains. However, it seems that the included psychoacoustical analyses at the annoyance index, such as roughness and fluctuation strength, etc., deliver comparably good results to describe temporal signal changes of pass-by sounds. Therefore, it was decided not to include the relative approach analysis in the annoyance index. In particular, the analyzed driving condition in this study also plays a role in it. The relative approach properties can be adjusted in various ways. Several property variations of the analyses were tried to find the optimum analysis properties in this study but the results were comparable. Depending on future AVAS sound design examples, the role and the consideration of the relative approach, the TETC, or the hearing model, the impulsiveness analysis in the proposed annoyance index can be reevaluated.



The developed index delivers better results in estimating the traffic noise annoyance caused by a passenger car than the commonly used A-weighted sound pressure level measures. This result is valid not only for ICE-based car sounds but also for electric cars. Furthermore, the AVAS has been taken into account in this study. The results of the annoyance evaluation experiment show that electric cars with or without an AVAS have the potential to be less annoying than the existing ICE cars. These results are promising for the future because almost all prognoses estimate that the percentage share of electric cars, hydrogen fuel cell cars, or cars based on similar technology will rapidly increase in the near future. It seems that, with this development, the sound pressure level of the overall traffic noise will be 2 to 4 dB lower than the current level, and the perceived annoyance will also be lower [32]. The results of this study clearly show that the development of not only the sound pressure level, but also of the psychoacoustical properties of electric car pass-by sounds (with and without AVAS) should be taken into account for the sound packaging and design decisions regarding the perceived annoyance. In this investigation, analyzed electric car sounds (with and without AVAS) show a promising tendency that their overall psychoacoustical properties are lower and better than conventional car sounds.



In this research, we only considered the evaluation of traffic noise annoyance levels based on passenger car sounds. However, the contribution of heavy and utility vehicles to traffic noise is also very important. Investigations have shown that heavy vehicles, such as buses and trucks, play an important role in overall traffic noise [45,46,47]. The estimations show that the decrease in the overall traffic noise sound pressure level due to electric cars will be limited and only 1.2 dB if heavy vehicles are not taken into account [33]. The electrification of heavy vehicles will be an important topic in the future because of the corresponding effects on noise emissions. Although reasonable truck electrification may take a very long time, bus electrification is rapidly evolving. A recent study showed that an average electric bus is 8 dB quieter than an ICE bus at a constant speed of 20 km/h and 5 dB quieter at a constant speed of 30 km/h [48]. Both the electrification of cars and buses can cause a significant level of reduction in traffic noise. Therefore, the results of this investigation and particularly the developed index should also be extended for these kinds of vehicles. Heavy vehicles mostly cause loud sounds that have strong low-frequency components [48,49,50,51]. Therefore, a special weighting for the low-frequency spectral components and a loudness weighting adaptation scheme will be necessary. In recent years, motorcycle noise has gained increased importance. The sharpness, temporal character, and tonality of motorcycle noise are very relevant to the perceived annoyance. Therefore, the consideration of the psychoacoustical property of sharpness and additional temporal weightings in the index may be useful.



Recent studies have shown that modelling of the combined exposure to different types of traffic noise, such as aircraft, road, or railway traffic noise, is necessary for traffic planning [52,53,54]. The results indicate that an “epidemiological risk multiplication” is possibly a better approach than an “energetic addition” approach. Our study provides useful hints for the evaluation of passenger-car-based traffic noise. Similar studies are necessary for the evaluation of aircraft and railway traffic noises and to obtain a general view of perceived traffic noise annoyance. Furthermore, the masking and interaction effects of different noise sources should be considered in the general modelling.




4. Conclusions


There is a strong relationship between the perceived annoyance associated with traffic noise and health risks, such as mental and cardiovascular and metabolic diseases. Therefore, a sufficient characterization of the perceived annoyance is necessary for future traffic planning.



This study developed an annoyance index based on psychoacoustical properties that can more successfully estimate the perceived annoyance of passenger-car-based road traffic noise than the commonly used sound pressure-level-based measures. The novel aspects of this study are the consideration of electric and hybrid electric passenger cars and the investigated pass-by situation, which is an acceleration from idle to 50 km/h. The results of this study show that loudness, tonality, roughness and fluctuation strength can describe the perceived annoyance caused by the pass-by noise of passenger cars. The developed index is a weighted combination of these four psychoacoustical properties. This index can be useful for scientific studies, car manufacturers, traffic planning and prevention measures. In this study, not only conventional passenger car pass-by sounds, but also electric car pass-by sounds were evaluated. However, it also is important to analyze truck or motorcycle pass-by sounds. Further studies are necessary to extend this approach to include other traffic noise sources and other driving conditions.
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Figure 1. Pass-by traffic situation with measurement position of the binaural head. 
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Figure 2. Rating scale used in this study. 
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Figure 3. The annoyance ratings of various car pass-by noises. In the ratings, 100 means extremely annoying and 0 means not at all annoying. Abbreviations: EV: electric vehicle without a warning sound, EV AVAS: electric vehicle with a warning sound, ICE G: gasoline internal combustion engine vehicle, ICE D: diesel internal combustion engine vehicle, H: hybrid vehicle. 
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Figure 4. The relationship between perceived annoyance ratings and sound pressure level in dB(A). Different colors are used in the figure to represent three different passenger car types. Color representation is also used in the Figure 5, Figure 6, Figure 7 and Figure 8. Red dots correspond to the internal combustion engine cars, green dots represent the hybrid cars, and blue dots represent the electric cars. 
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Figure 5. The relationship between perceived annoyance ratings and the maximum sound pressure level in dB(A). (Red dots: ICE cars, green dots: hybrid cars, and blue dots: electric cars). 
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Figure 6. The relationship between perceived annoyance ratings and the developed annoyance index, which is based on psychoacoustical properties. (Red dots: ICE cars, green dots: hybrid cars, and blue dots: electric cars). 
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Figure 7. (a) The relationship between perceived annoyance ratings and the TETC index. (b) The relationship between perceived annoyance ratings and sharpness. 
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Figure 8. The relationship between perceived annoyance ratings and the annoyance index, which is the combination of the psychoacoustical properties from the Equation (1) and the TETC index. (Red dots: ICE cars, green dots: hybrid cars, and blue dots: electric cars). 
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