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0  E X E C U T I V E  S U M M A R Y 

0.1 OBJECTIVE OF THE DELIVERABLE 

The deliverable describes the work performed within work package WP 3.5 of the 
CityHush project. Since in southern European cities powered two wheelers are widely 
spread and significan tly influence the noise climate in urban areas, this noise source 
and its annoyance potential require particular attention. Especially in the context of the 
preservation and creation of quiet zones in urban areas this influence is of particular 
importance.    

The study mainly considers the acoustical contribution of powered two wheelers to 
road traffic noise and their impact on noise annoyance with respect to quiet zone s (Q-
Zones) in cit ies. To understand the relationship between the noise of powered two 
whe elers and the noise annoyance, miscellaneous scenarios were measured as well as 
simulated and were subject to objective and subjective evaluation. It was also 
examined whether modifications at the dominant noise sources like combustion engine 
or exhaust ca n lead to a significant reduction of annoyance.  

0.2 DESCRIPTION OF THE WORK PERFORMED SINCE THE BEGINNING OF THE PROJECT 

Three main tasks were accomplished  within this work package.  

First, measurements of different powered two wheelers (electric scooters, sc ooter 
powered with combustion engines, motorbikes) on a test track were performed for all 
relevant driving conditions.  The different near -field and far -field measurements were 
analyzed by different means . 

Second, the measurements (near -field and far -field  measurements) were post -
processed to enable the inclu sion of powered two wheelers in the traffic noise 
synthesizer technology . On this basis, new vehicle models were created in addition to 
the existing vehicle models.  Especially for the simulation of elec tric driven vehicles the 
synthesizer technology has been widely  extended and optimized. New synthesis 
methods and a driving condition configuration tool have been added.  

Third, the measurements and simulations, which were generated by the traffic noise 
synthesizer technology, were subject to extensive listening tests in laboratory. The test 
results were analyzed with respect to the noise annoyance potential of different 
scooter types also taking into account varying boundary conditions.  

0.3 MAIN RESULTS ACHIEVED SO FAR 

The noise signals generated by the traffic noise synthesizer were comparably rated by 
test subjects, which prove the general applicability of the traffic noise synthesi zer 
technology for environmental noise investigations.   

The application of t he extended traffic noise synthesizer allows for investigating the 
impact of powered two wheelers on noise annoyance in detail.  
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Based on the work performed in this work package three  major conclusions could be 
drawn. First, road traffic with a certain shar e of scooters powered by combustion 
engines is always perceived as more annoying than  road traffic scenarios, where the 
scooters are powered by electric engines . This trend is even more significant, when the 
surrounding traffic consists of electric vehicle s. Second, the surrounding road traffic 
consisting mainly of passenger cars (in the context of temporarily occurring scooters) 
influences noise annoyance only for road traffic scenarios, where only E -Scooters are 
present. Scooters powered by combustion eng ines dominate the perception and 
evaluation to such an extent that the surrounding road traffic is almost insignificant for 
the overall noise annoyance.  

 

0.4 EXPECTED FINAL RESULTS 

This outcome makes clear that a restrictive policy against powered two wheeler s 
equipped with combustion engines  will be the preferred solution for Q -Zones. Powered 
two wheelers provoke strong and lasting annoyance reactions significantly influencing 
overall noise annoyance even in low noise situations. Finally, it turns out clearly  that 
even considerable modifications at the noise sources of C -Scooters (engine, exhaust) 
do not lead to a significant reduction of the overall exterior noise and noise annoyance 
respectively.  

 

0.5 POTENTIAL IMPACT AND USE  

The traffic noise synthesizer techn ology, which allows for creating arbitrary road traffic 
scenarios also taking into account powered two wheelers, is an effective tool for city 
planning. It provides meaningful data for acoustical analyses or even subjective 
evaluation. Thus, proposed actio ns, intended to reduce noise and annoyance 
respectively, could be reviewed reliably before their realization .  

The knowledge gained in this work package with respect to powered two wheelers 
allows for drawing crucial conclusions to successfully create quie t zones in urban areas.  

  

0.6 PARTNERS INVOLVED AND THEIR CONTRIBUTION 

HEAD acoustics (HAC) performed all work described within deliverable  3.5.1. In the 
discussions with TTE, TNO and Tyrens new ideas emerged, which were followed in this 
work package.  
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0.7 CONCLUSIONS 

The acoustical contribution and the resulting annoyance of different scooter types 
(PTW) were evaluated. The acoustical a s well as the  perceptual benefit resulting from a 
complete substitution of scooters powered by combustion engines by electric sc ooters 
was investigated in detail.   

The evaluation results show that r oad traffic scenarios with a certain share of scooters 
powered by combustion engines cause higher loudness perception and considerabl y 
higher noise annoyance than  scenarios, where only electric scooters are present. This 
effect is even more significant , when the surrounding traffic consists of electric vehicles. 
This clearly points out the need to completely deny the access of motor scooters to 
quiet zones. O nly a  very  restrictive , conse quent  policy against powered two wheelers 
equipped with combustion engines  in and nearby quiet zones can lead to the 
intended purpose of the quiet zones.  

It was shown that this is still required in case the most dominant sources of powered two 
wheelers eq uipped with combustion engines would be significantly reduced. These 
vehicle types keep their annoyance potential even if their noise contribution would be 
decreased by several dB.  

If road traffic composed of only electrically driven passenger cars is con sidered, the 
annoyance effect due to temporarily occurring powered two wheelers equipped with 
combustion engines is even more distinct undoing the perceptual benefit of electric 
cars.   

All the findings in this work package indicate the basic requirement t o inevitably ban 
powered two wheelers equipped with combustion engines not only from quiet zones 
but also from roads in urban context.  A full electrification of powered two wheelers 
represents a promising solution with respect to the environmental noise an d noise 
annoyance reduction in general.  
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the traffic scenario  while allowing  the adjustment of traffic behavior and the setting of 
traffic rules.  

The resulting simulation data can be expor ted to a file which is finally used as input to 
the acoustical synthesis based on the TNS technology.  

 

2.2 SOURCE MODELLING  

To achieve a realistic vehicle synthesis an 
appropriate  vehicle model has to be 
developed and validated. This is done in the 
TNS software by assembling different sound 
sources and noise syntheses into a tree 
structure as shown in Figure 2. The 
configuration of a vehicle model is done in 
four steps.  

1. Each vehicle is partitioned into distinct 
acoustically relevant sources  with their 
respective relative position .  

2. The source signals are generated by 
miscellaneous synthesizers such as 
order or noise synthesizers. The 
synthesizers are carefully designed and 
parameterized (see chapter 2.4).  

3. The generation of the source  signals is 
linked to the dynamic vehicle 
movement. For example, the source 
signal is influenced by the velocity of 
the vehicle which in turn is directly 
related to the engine speed and the 
sound produced by the gear.  These 
relations  between the movement o f 
the vehicle and the driving condition 
are  configured in the vehicle model.  

4. The radiation of the source signals to the  far -field is configured either in 
dependence of frequency and direction by the so -called source related transfer 
functions (SRTF) (or just without SRTF by implicitly implementing an omni -
directional directivity) followed  by a distance dependent level adaptation  and 
an appropriate time delay .  

 

For validating the constructed  mod els a comparison of the simulated sounds  to 
measurements is po ssible. The models can be configured  to represent certain vehicle 
classes such as compact class or upper vehicle class. In case very high simulation 

    Figure 2: Tree structure of a vehicle model  
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made by comparing the order levels with an estimated background no ise level. If the 
order level has a significant level offset to the background noise level, the order is not 
masked and has to be synthesized.  

To synthesize the stochastic signal parts noise spectra are used as input  parameter  for 
the noise synthesizer . These spectra were gained by calculating smoothed frequency 
spectra and removing the tonal signal components . 

Generally, the quality of the signal analyses for obtaining the synthesis parameters is 
essential for the quality of the  simulation results .  

 

2.5 CONCLUSIONS 

With the traffic noise synthesizer a tool was developed allowing for a comprehensive 
investigation of road traffic noise. First, a software prototype was developed for 
composing sophisticated vehicle models and for auraliz ing arbitrary road traffic 
scenarios. Moreover, a work flow was developed to create realistic  synthesized sounds  
based on real vehicle measurements.  

This gives the opportunity to generate the noise of single vehicles as well as of complete 
road traffic scenarios. Especially, it ena bles the extensive evaluation of electric and 
hybrid vehicles. Moreover, it provides the opportunity to simulate sounds in order to  
perceptually evaluate  specific effects caused by the virtual implementation of noise 
mitigation measures or the introduction  of traffic regulation measures.  
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3  S I M U L A T I O N  O F  S C O O T ER  ( P T W )  S O U N D S 
In chapter 2 the technical details of the synthesis methods and the traffic noise 
synthesizer software were explained.  For the evaluation of scooter noise an d its effects 
on road traffic noise the synthesis tool was applied. Compared to real road traffic 
measurements the simulation approach gives the following advantages : 

�x The traffic load and composition can be defined  exactly.  

�x The simulations are independent of environmental influences (weather, 
background noise, local conditions for measurement set -up, traffic rules, etc.).  

�x Acoustical modifications of the vehicles can be modeled virtually (e.  g. 
attachment of muffler, etc.).  

�x The scenarios are reproducible  and  the noise influencing parameters (e.g. speed 
limit) can be varied independently from each other.  

In the following  sections , the application of the synthesis technology referring to scooter 
sound auralization is explained in detail.  

 

3.1 MEASUREMENTS 

For the c reation of the synthesis models of the scooters HAC performed different 
measurements to analyze and extract the synthesis parameters.  

For the measurements two data acquisition set -ups were applied. A stationary data 
acquisition set -up (Figure 3) was used to measure the pass -by noise and a mobile  set-up 
was applied to record the near -field noise of the scooters  (Figure 4).   

The stationary set -up was configured as follows (see Figure 17): 

�x Artificial head at a distance of 3  m to the car passing -by  

�x Artificial head at a distance of 7,5  m respectively  

�x Monaural microphone at a distance of 7,5  m respectively  

�x Visor microphone array (acoustic camera)  

In the mobile set -up the microphones wer e placed at the following positions (see Figure 
4). 

�x Front wheel inlet  

�x Front wheel outlet  

�x Back wheel inlet  

�x Back wheel outlet  

�x Engine  

�x Exhaust (only for scooter powered by a combustion engine ( C-Scooter))  
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In addition, the engine speed  and the velocity of the scooters were measured. A light 
trigger system was applied to detect the absolute position and time reference between 
stationary and mobile measurement set -up. This gives the opportunity to synchronize 
the measured data sets.  

 

        

Figure 3  Left: Picture of the stationary measurement set -up with artificial head and visor microphone array  

 Right: Fully equipped C -Scooter during pass -by measurement  

 

         

Figure 4 E-Scooter (left) and C -Scooter (right) with attached near -field microphones and mobile data acquisition 

device (multi -channel front -end in the blue box)  

 

For a realistic simulation of the scooter sound all acoustically relevant driving conditions 
have to be consider ed. The following list of relevant scenarios was measured:  

�x Constant speed at 30 km/h  

�x Full load acceleration from 30 km/h  

�x Full acceleration from stand  

�x Accelerated pass -by with low load  
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Figure 5 Visualization of sound radiation positions with the Visor micropho ne array. With the help of different 

property settings (dynamic range and frequency range) the different sources can be detected. Top: E -

Scooter, bottom: C -Scooter  

From this examination the following sources for the simulation have been derived.  

1. Front and back wheel  

2. electric / combustion engine  

3. exhaust (only for C -Scooter)   

3.3 SOURCE SIGNAL SYNTHESIS 

After the detection of the main sound sources of the scooters the measured near -field 
recordings of these sources were analyzed and the synthesis parameters were 
determined.  

The evaluation of the source signals showed that the engine and exhaust noise must be 
synthesized with an order synthesizer and a noise synthesizer to create a realistic sound 
composition. For the synthesis of the tire/road noise a stochastic noise synthesizer is 
sufficient.  

The following example is presented to explain the processing steps from the 
measurement to the synthesis. The basis for the analysis was a near -field recording of 
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the C -Scooter 1 at the exhaust outlet. In the upper spectrog ram of  Figure 6 the 
dominant engine orders can be seen  clearly . For comparison the engine sound of the 
E-Scooter  1 is shown in the lower spectrogram. Here the orders are much less dominant 
and the level is lower. As the engine spe ed changes over time during the recording the 
order analysis has to be made in dependence of the engine speed.  

In Figure 7 the order sound pressure levels corresponding to the engine speed of 
3600 RPM are plotted  for C -Scooter 1 . The outputs of the order analysis are the sound 
pressure levels of all orders at equidistant points with a fixed order step. In two post -
processing steps the orders are validated. The first step clears the errors resulting from 
imprecise engine speed reco rdings. The second step filters the orders which are 
significantly higher than the stochastic background noise. The red lines in Figure 7 show 
the validated order sound pressure levels after the post -processing. It is very importa nt 
that only the validated orders were synthesized, otherwise the general sound character 
of the vehicle would  change.  

In Figure 8 the spectrogram of the near -field source signal of C -Scooter 1 synthesized 
with the traffic noise s ynthesizer is shown. The base frequency of the order synthesizer 
was set equal to the base frequency of the measure d signal . The levels of the orders of  
measurement and simulation are identical . The simulation signal lacks the stochastic 
noise components , though, which can be synthesized with an additional noise 
synthesizer. 
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Figure 6 Spectrogram of a near -field recording of the exhaust sound of the C -Scooter 1  (up per ) and the electric 

engine soun d of E -Scooter 1 ( lower ).  
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Figure 7 Order spectrum of the near -field recording  of  C-Scooter 1 at 3600 RPM. The green lines are the orders 

analyzed with an order step of 0.1. The red lines represent the post -processed order le vels. 
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Figure 8 Order synthesis of the near -field source signal  of C -Scooter 1 . The base frequency of the order synthesis  is 

identical to the base frequency of the measurement.  

 

3.4 DRIVING CONDITION MODEL 

The sound of the engine and  exhaust source is dependent on the engine speed as well 
as the acceleration. The tire/road noise is only dependent on the velocity of the 
scooter. These relations have to be implemented in the vehicle model.  

In Figure 9 the relat ion between the vehicle speed and the engine speed of the C -
Scooter 1 is plotted. First, there is a non -linear relationship in the first part of the 
acceleration; then the relation is linear for the second part. The modeling of such 
relations is one exampl e of the creation of a dynamic driving model. The quality of 
these configurations has direct impact on the auralization quality, because it affects 
the input parameters of the synthesis, in this case  the frequency of the order synthesis.  
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Figure 9 Relation between vehicle speed and engine speed of the C -Scooter 1 during accelerated drive.  
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Figure 13 Source related tr ansfer functions (SRTF) of the C -Scooter 1 exhaust  radiation in 45° steps  azimuth angle . 

Ascending angles correspond to directions starting to the front of the scooter and turning  clockwise.  
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Figure 14 Source related transfer functions (SRTF) of the front  wheel  radiation in 45° steps azimuth angle. The SRTFs of 

the wheel sources are similar for the E -Scooter and the C -Scoo ter.  
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In Figure 15 the simulation model of the C -Scooter is shown. 
Each source (blue) consists of synthesizers (orange) and 
SRTF-filters (green). Each synthesizer has a sub tree structure 
configuring the usage of the synthesizer p arameters.  

 

 

 

 

 

 

 

 

 

 

Figure 15 Simulation model of the C -Scooter   

 

3.6 CONCLUSIONS 

The basis of a realistic traffic simulation is the creation of a valid vehicle model using 
reliable synthesis parameters. This was performed for scoot ers powered by combustion 
engine s and by electric engines. The procedure was described shortly in this chapter 
with examples from the C -Scooter and the E -Scooter model s. 
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4  N O I S E  R E D U C T I O N  P O T EN T I A L  O F  E L E C T R I C 
P O W E R E D  T W O  W H E E L E R S 
The first step to evaluate the influence of the electrification of powered two wheelers 
on the noise annoyance is the comparison of pass -by sounds of different PTW. In this 
chapter the individual noise characteristics of different PTW are shown and the effect of 
electric scooters on  the subjective perception in comparison to PTW with combustion 
engine is investigated. Two representative scooter models with electric engine  and one 
with combustion  engine have been selected. Additionally a representative motorbike 
was measured. The inve stigated vehicles are displayed in  Figure 16. 

  

 

    ECO-Flash 2000 (E-Scooter 1)                E-Max 90S (E-Scooter 2)         Aprilia Sportcity One 50 (C -Scooter 1)  

 

Figure 16         Suzuki GS500 (Motorbike)  

 

Type Alias  Engine  Power  Weight  

ECO Flash 2000 E-Scooter 1  electric  2 kW 144 kg 

E-Max 90S E-Scooter 2  electric  2.75 kW 160 kg 

Aprilia Sportcity one 50  C-Scooter 1  Combustion  (50ccm)  3 kW 105 kg 

Suzuki GS500 Motorbike  Combustion (500ccm)  33 kW 189 kg 
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The pictures and the table above show the considered scooters and the motorbike and 
their technical specifications. Within the first test series the pass -by noise of the PTW was 
measured  at different positions . The measurements were carried out o n a road in a very 
quiet country side, so that there are only few disturbing environmental noises and the 
radiation can be expected as semi -free field condition.  

In the following  evaluations  three pass -by scenarios were considered . In Figure 17 the 
measurement set-up is shown. 

1. Acc30 : The PTW approaches with a constant speed of 30 km/h from position P1. 
At P2 the PTW accelerates with full load to position P3.  

2. Const30 : The PTW passes by at a constant speed of 30 km/h.  

3. StartAcc : The PTW stands at position P2. After a few seconds it accelerates to 
position P3 with full load.  

 

 

 

Figure 17  Set-up of PTW pass-by measurements.  

The three scenarios have been evalua ted by means of objective acoustical analyses.  

To introduce the analyzed signals  the respective spectrograms are  shown in Figure 18 
through  Figure 21, the spectrograms are displayed. The parameters to ca lculate the 
spectrograms were:  

�x A-weighted sound pressure levels  

�x FFT-length = 8192  

�x Overlap 50  % with Hann window  

In the frequency band between 100 Hz and 2000  Hz the spectrograms in Figure 18 and 
Figure 19 show the orders of the electric engine s, which  are radiated from the 
transmission system and the electric engine itself.  

40 m 25 m 
10 m 

7.5 m 

P2 P1 P3 
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The orders of the C -Scooter and the motorbike are much more distinct  and have 
significant ly higher sound pressure levels, which can b e seen in Figure 20 and Figure 21. 
It is also remarkable that compared to constant drive situations the order levels increase 
significantly in acceleration conditions. This clear difference between accele ration 
conditions and constant drive situations is not observable in the E -Scooter pass -by noise 
measurements. For the E -Scooters there is no significant change of the noise and the 
prominent orders in dependence of the engine load.  
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Figure 18 Spectrograms of the three pass -by scenarios of the E -Scooter 1.   

From left to right: Acc30, Const30, StartAcc  
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Figure 19  Spectrograms of the three pass -by scenarios of the E -Scooter 2.  

 From left to right: Acc30, Const30, StartAcc  
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Figure 20  Spectrograms of the three pass -by scenarios of the C -Scooter 1.  

 From left to right: Acc30, Const30, StartAcc  
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Figure 21 Spectrograms of the three pass -by scenarios of the motorbike.  

 From left to right: Acc30, Const30, StartAcc  

An additional noise source with respect to electric vehicles is the converter. The 
c onverter provides the electric voltage for the engine. The frequency of this ac voltage 
is linked to the engine speed and this frequency determines the frequency offset of the 
converter orders. The offset is related to the carrier frequency of the converte r which is 
constant. In Figure 22 the orders of the converter of the E -Scooter 1 recorded in the 
near -field  can be seen. The carrier frequency is 15.5 kHz. With increasing engine speed 
the order frequency offset increases and in t he plot a fan like structure can be seen. 
This is typical for converter sounds.  

In Figure 23 a spectrogram plot of the converter noise in the far -field is shown. The noise 
refers to the E -Scooter 2 and it is clearly observable th at the carrier frequency is slightly 
different (14 kHz). The maximum sound pressure level in 7.5 m distance is about 30 
dB(A).  
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Figure 22 Converter noise in the near -field during accelerated drive of E -Scooter 1.  
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Figure 23  Converter noise in the far -field (7.5m) during accelerated pass -by (StartAcc) of E -Scooter 2.  

 

4.1 EVALUATION OF OBJECTIVE ANALYSIS PARAMETERS 

To get a detailed overview of the acoustical properties of the scooter sounds five 
different an alyses have been applied to the measurements. In addition to  the standard 
sound pressure level the signals are described by  psycho -acoustic parameters. On the 
basis of the  well -established psycho -acoustic parameters the subjective perception of 
the sounds can be described in an objective manner. Moreover, it allows for predicting 
the annoyance impression of the sounds.  

The following bar  plots show the psycho -acoustic properties of the considered scooters 
over different driving situations. Additionally, the  determined values have been 
normalized and plotted in a second figure. Fo r the normalization, the analysi s values of 
the C -Scooter are always defined as 100  % and the values of the E -Scooters are given 
relative to these values. This emphasizes  the differe nces of the scooters on the one 
hand and gives a good comparison between the different analyse s on the other hand. 
All analysi s values are maximum values during pass -by situations.  
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Figure 25 Comparison of the loudness (N max ) of the different PTWs at three pass -by scenarios.  
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Figure 26 Normalized comparison of the loudness (N max ) of the different PTWs at three pass -by scenarios.  
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Sharpness 

The psycho -acoustic parameter sharpness is a measure to determine the impression 
related to the high frequency content in a signal. Sharpness considers the spectral 
shape of a noise; it reflects the amount (loudness) of high frequency components of a 
noise to the to tal loudness.  

The calculation method of the sharpness analysis was performed  as described in  the 
German standard DIN 45692 based on the specific loudness calculation using 
DIN45631/A1 and the frequency weighting proposed by  Aures.  

In contrast to the othe r analyses con sidered above the sharpness varies  considerably 
between  the dif ferent scenarios  (see Figure 27 and Figure 28). While  the Const30  
scenario shows differences of about 10  %, the other scenarios  have sharpness 
differences of more than 30  %. This can be explained by the fact that the sharpness 
analysis is mainly related to the tire noise, which is more dominant in the constant speed 
scenario than  in the others. This tendency is even more obvious in the sharpness values 
of the motorbike. As the bigger tires of the motorbike produce higher noise levels the 
dominance of this noise source is increas ed . 
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Figure 27 Comparison of the sharpness of the different PTWs at three pass -by scenarios.  
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Figure 28  Normalized comparison of the sharpness of the different PTWs at three pass -by scenarios.  

 

Roughness  

Up to now, the calculation of roughness has not been standardized. The best 
correlation between subjec tive perception and objective calculation gives the hearing 
model roughness calculation method (see R. Sottek, K. Genuit: Models of signal 
processing in human hearing, Elsevier, International Journal AEÜ of Electronics and 
Communications, Int. J. Electron.  Commu. (AEÜ) 59, 2005). The hearing model allows for 
analyses, where time and frequency resolution corresponds  to that of human hearing. 
The hearing model is based on a filter bank consisting of a large number of overlapping 
band pass filters. Additionall y, the model takes  the influences of the human hearing 
physiology and neurologic processing  into account . The unit of the roughness is asper . 
One asper is  defined as the roughness of  a  1 kHz sine tone with a level of 60 dB, 
amplitude -modulated at a rate of  70 Hz with a modulation index of 1.  

The Figure 29 and Figure 30 display the differences in roughness of the scooter 
measurements. It is found that the roughness values of the C -Scooter are very high. 
Only very few natural or technical sounds have a value of about 1 asper. Compared to 
the values of the E -Scooters the roughness of the C -Scooter is even more evident. The 
difference in roughness is about 0.7 to 0.9 asper , correspond ing  to 90  % to 95 %.  Unlike 
the other parameters , for the motorbike  the values of the roughness are more similar to 
the values of the E -Scooters than  to the values of the C -Scooter. This is due to the very 
rough noise of the C -Scooter engine and is probably one reason for the high perceived 
annoyance of the C -Scooters.  
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Figure 29  Comparison of the roughness of the different PTWs at three pass -by scenarios.  
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Figure 30  Normalized comparison of the roughness of the different PTWs at three pass -by scenarios.  
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Figure 31  Comparison of the Relat ive Approach values of the different PTWs at three pass -by scenarios.  
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Figure 32  Normalized comparison of the Relative Approach values of the different PTWs at three pass -by scenarios.  
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Figure 33 Comparison of the evaluation index of the different scooters at three pass -by scenarios.  

 

 

The evaluation of the pass -by scenarios clearly indicates  the great im provement 
potential of exchanging combustion engine driven scooters for  electric powered 
scooters . This improvement is indicated by different objective analyses. Moreover, the 
psychoacoustic analyses do not show significant differences in the improvements  
between the different scenarios. This leads to the conclusion that within real traffic 
scenarios, where different driving conditions occur simultaneously , the found 
improvements related to objective parameters (such as loudness decrease) can also 
be expect ed.  

4.2 SUBJECTIVE EVALUATION 

In the preceding chapter , the PTW sounds have been evaluated by means of  objective 
psychoacoustic analysis parameters. However, the subjective annoyance potential of 
the single pass -by events of different scooters cannot be relia bly determined from these 
parameters without listening tests for validation. For the evaluation and validation of the 
predicted annoyance HAC carried out listening tests.  

The objective analysis of the powered two wheelers point out that the motorbike nois e 
can be seen as less critical concerning the annoyance rating compared to the C -
Scooter no ise. The objective parameters like  sound pressure level, loudness, roughness 
and Relative Approach support this statement as d escribed in the last section. Thus,  the  
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Figure 35  Screenshot of the listening test interface  

The test procedure was split in to  three parts.  

1. Greeting of the test persons and introduction to the test. It was mentioned in 
advance that pass -by sounds of powered two wheelers will be presented 
including combustion engine driven as well as electric engine driven vehicles.  
Furthermore, it was mentioned that the test persons should immerse into a 
situation standing 7.5 m in front of a street and listening to the vehicles passing 
by.  

2. The listening test started with two sounds for training purpose. The sounds 
represent exemplarily the range of the different  sounds. This was done to avoid 
scaling effects, like the ceiling or floor effect. The sound  samples were presented 
to all listeners at the same time. Then the test persons have to rate the sound on 
the category scales mentioned above. The persons could on ly listen once to the 
sound samples; since they should rate the sounds spontaneously based on the 
first impression.  

3. After the listening test the age and the gender of the test persons were 
requested. Additionally the listeners should explain their impressi ons and could 
give remarks with respect to the test and its procedure.  
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95% confidence interval. This representation is used to visualize the variability of the 
median between different samples. The narrower the notch, the more robust the 
median when compared to other distributions. Whiskers above  and below the box plots 
extend to the most extreme data value up to 1.5 times of the interquartile range above 
or below the box plot. If data values lie beyond these whiskers, additional marks (red 
plus signs) are displayed indicating outliers.  

The box -an d-whisker plot representation offers a detailed view on the listening test data 
and helps indicating the distribution of ratings and the robustness of the results.  

In Figure 37 the subjective loudness ratings of the different scoo ter single  pass-by events 
are plotted as  box -and -whisker plot s. The first three E-Scooter scenarios are a ll rated 
significantly quieter than  the C -Scooter scenarios. Neither the confidences intervals nor 
the quartile ranges of the E-Scooter and the C -Scoot er scenarios  overlap . This means 
that the difference in subjective loudness of E -scooters and C -Scooters is statistically 
significant.  
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Figure 37 Box-and -whisker plot of the loudness ratings of the different scooter pass -by scena rios. 

The annoyance ratings, shown in Figure 38, of E-scooter and C -Scooter single pass -by 
events indicate the same tendency. This means that the differences in noise 
annoyan ce of E -scooters and C -Scooters are s tatistically signif icant. The annoyance of 
Scooters powered by combustion engines is significantly higher compared to E -Scooter 
pass-by noise. This significant difference in annoyance is present  for all driving 
conditions. The E -Scooter noise is rated  as almost not annoyin g (median: 3). In contrast , 
the C -Scooter obviously possesses a high annoyance potential.  
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In addition to the ratings for the pass -by measurements a  simulated scenario (Const30) 
was judged by the test persons. In the ideal case , the ratings of loudness and 
annoyance should match the ratings of the corresponding measured scenario. It can 
be seen that both the loudness and the annoyance ratings of the simulated sample are 
one category higher than of the measured sample. This validates the subjective 
impression of the simulated sample. The slight difference  in the ratings  results from the 
cleaner sound of the simulation compared to the measurement where small additional 
sound events appear which cannot  be synthesized.  
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Figure 38  Box-an d-whisker plot of the annoyance ratings of the different scooter pass -by scenarios.  

 

In order to enhance the readability of the listening test results only the median and 
mean values are displayed  in the following diagrams . This allows for a better 
compari son to the acoustical analys is results shown in chapter 4.1. 

The loudness judgments, as shown in Figure 39, illustrate a significant  increase in  
loudness for the C -Scooter scenarios  in comparison to the E -Scooter scenarios . The 
loudness ratings of the C -Scooter are between 5 and 6 categories higher than the 
ratings of the E-Scooter scenarios. There is only a slight difference between the specific  
driving conditions. This behavior is comp arable to the behavior of the sound pressure 
level and psychoacoustic loudness as presented in chapter 4.1. 

A similar tendency can be seen for the annoyance rating. In Figure 40 the C -Scooter 
pass-by situations were judged between 5 and 7 categories more annoying than the 
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E-Scooter situations. This is even more than the difference in the perceived loudness on 
the 11 -pt. category scale. This supports the assumption that not only the loudness (or 
sound pr essure level respectively) is relevant for noise annoyance, but also other 
psychoacoustic properties of the single pass -by noises.  

These results already show great potential of noise and annoyance reduction if scooters 
powered by a combustion engine w ere  c ompletely replaced by  electric scooters.  
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Figure 39 Comparison of the loudness ratings of different pass -by scenarios. The median and mean values for each 

scenario are plotted.  

Annoyance

1

2

3

4

5

6

7

8

9

10

11

Acc30 Const30 StartAcc

Pass by scenario

R
at

in
g

E-Scooter 1 (Median) E-Scooter 1 (Mean)

C-Scooter 1 (Median) C-Scooter 1 (Mean)

 

Figure 40 Comparison of t he annoyance ratings of different pass -by scenarios. The median and mean values for 

each scenario are plotted.  
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4.3 COMPARISON OF SUBJECTIVE AND OBJECTIVE EVALUATION 

In sections 4.1 and 4.2 the subjectiv e and objective evaluation of the single pass -by 
events was discussed. The E -Scooter and C -Scooter situations show significant 
differences with respect to the acoustical analysis results as well as the perceived 
annoyance. This means that a good correlatio n between the chosen objective analysis 
parameters and the subjective evaluations can be expected. In Figure 41 the 
correlation coefficient between the annoyance rating and the different analyses is 
shown. A correlation coefficien t (according to Pearson) of 1 corresponds to  a perfect 
linear dependence  between dependent and the independent  variable . The plotted 
values which lie between 0.92 and 0.99 suggest  that the objective parameters can be 
used to predict the subjective ratings.  
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Figure 41  Correlation of the annoyance ratings with different objective acoustical analyses values.  
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4.3.1 Comparison of level adapted scenarios  

In addition to the direct comparison and evaluation of the single pass -by scenarios of 
measured C -Scooters and E -Scooters, the test persons also judged modified sounds in 
the listening test.  

The pass-by situation Acc30  and Const30  of the C -Scooter were reduced in sound 
pressure level. The files have been adapted so that the A -weighted maximu m sound 
pressure levels of the E -Scooter and the C -Scooter scenario have  the same value. These 
files were also subject to subjective evaluation.  

The interesting point of this comparison is that the most significant difference between 
the E-Scooter and C -Scooter scenarios, the sound pressure level, is equalized. This is 
almost comparable to the hearing sensation of a C -Scooter with a larger  distance to 
the observer position.  

The collected ratings should indicate the annoyance potential of C -Scooters caused 
by certain psychoacoustic properties beyond the sound pressure level.  

In Figure 42 the ratings of the perceived loudness are plotted. The results point out that 
both adapted C-Scooter scenarios  are still perceived as louder, although the sound 
pressure levels (L Amax ) are identical  to the E -Scooter scenarios . A possible reason for this 
observation could be that the test persons recognize the specific source and 
automatically assign a higher loudness to this source co mpared to the E -Scooter 
scenarios.  

 

Figure 42 Comparison of perceived loudness between E -Scooter pass -by situation and level adapted (equalized) 

C-Scooter scenarios.  
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Figure 43 Comparison of perceived annoyance between E -Scooter pass -by situation and level adapted (equalized) 

C-Scooter scenarios.  

In analogy to the loudness ratings of the C -Scooter scenarios, the annoyance ratings of 
the  adapted  C-scoot er scenarios  shown in Figure 43 are considerably higher than the 
respective E -Scooter scenarios. Besides the source recognition effect mentioned 
above, the difference of the annoyance ratings can be explained with the distinct 
ord er structure of the C -Scooter signals. The prominent and narrow ly spaced orders 
lead to a high roughness sensation and to high Relative Approach values (patterns).  

In Figure 44 the correlation between the subjective ratings and d ifferent objective 
analyses is plotted. The Relative Approach and the roughness parameter show high 
correlation coefficients, wh at  explain s very well  the higher annoyance for C -Scooters 
even with the adapted level. Another point, which can be concluded fro m the plot, is 
that the perceived loudness correlates very strong ly with the annoyance .  

In general, the evaluation of th e level adapted scenarios leads to the conclusion  that 
the sound pressure decrease of the E -Scooter noise is not the only reason for th e 
decrease d annoyance ratings. It is shown that additional psychoacoustic properties 
and patterns in the C -Scooter noise, like roughness or spectral patterns, additionally 
influence the annoyance judgments.  
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Figure 44 Correlat ion of the perceived annoyance with different objective analysis values for all single pass -by 

scenarios.  
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Figure 46 Comparison of sound pressure levels of the damping modifications. All scenarios are simulated with the 

traffic noise synthesizer.  
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Figure 47 Comparison of loudness of the damping modifi cations. All scenarios are simulated with the traffic noise 

synthesizer.  
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Figure 48 and Figure 49 show the results of the subjective evaluation of loudness and 
annoyance of the scooter pass -by scenarios w ith modified engine and exhaust. The 
figures show the median and the mean ratings of 47 test persons. The transparent green 
box represents the value of the E -Scooter 1 Const30  scenario.  

In analogy to the objective parameters the effect of the damping of th e engine can 
be neglected. The damping of the exhaust leads to a reduction of perceived loudness 
of two categories and a decrease in annoyance of one category.  

The subjectively perceived improvements are lower than the objective parameters 
suggest. Compar ing the ratings of the modified C -Scooter to the E -Scooter values it is 
obvious t hat the damping modifications on  the C -Scooter do not lead to significantly 
higher  acceptance (non -annoyance).  

From this study, it can be concluded that realistic modification s of a  C-Scooter do not 
lower the perceived annoyance level to a level comparable to E -Scooter s. 
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Figure 48 Comparison of perceived loudness ratings for damping modifications at the C -Scooter. The green box 

shows the rating (medi an) for the E -Scooter Const30  scenario.  
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Figure 49 Comparison of annoyance ratings for damping modifications at the C -Scooter. The green box shows the 

rating (median) for the E -Scooter Const30  scenario.  

4.5 CONCLUSIONS 

In this chapter , the noise reduction potential and perceived annoyance decrease due 
to an electrification of scooter s was evaluated in detail.  

It is shown that a great reduction of the sound pressure level and loudne ss respectively 
can be achi eved when the scooter drive is changed from combustion engine to 
electric engine. The electric driven powered two wheelers can help to reduce road 
traffic noise in cities  significant ly, especially when considering scooters with small twin -
stroke engines. A s the tire -road noise has only a minor contribution to the noise emission 
and the engine is very well covered, the reduction of engine noise is particularly 
effic ient resulting in a considerably  lower overall noise. This potential is not directly 
transfera ble  to passenger cars, where the reduction of engine noise leads to only small 
improvements of a few decibels . 

In order to confirm the objective analyses and to validate the perceptual benefit of E -
Scooters, listening tests taking  diverse single scooter pa ss-by situations into account 
have been carried out. The subjective evaluation covers all relevant driving conditions 
frequently occurring in urban traffic (pass -by with constant speed, accelerated pass -
bys, starting), and provides meaningful data for the comprehensive assessment of 
scooter noise.  

Regarding the rated measurements on existing scooters, loudness and annoyance was 
low for electrically driven ones, but comparatively high for scooters powered by 
combustion engines. The differences between both types of scooter drives are 
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considered to be significant. Exchanging scooters equipped with combustion engine 
for electrically driven scooters leads to an evident improvement of the acce ptance, 
which means considerably  lower noise annoyance of single pass -by noise events. The 
simulated scooter pass -by situations were rated  comparably , which proves the 
applicability of the traffic noise synthesi zer technology for environmental noise 
investigations.   

Moreover, the annoyance reduction potential by additionall y damping major sources 
of the scooters equipped with combustion engines was investigated. For that , sounds 
have been evaluated with virtual damping of the engine and exhaust noise radiation. It 
was found that even considerable modifications at the sourc es of C -Scooters (at the 
engine and  exhaust) do not cause a significant reduction of the overall exterior noise 
and noise annoyance respectively.   
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5  T R A F F I C  S I M U L A T I O N  EV A L U A T I O N   
The preceding chapter is focused on the evaluation of single pass -by sounds of 
powered two wheelers. In the following  sections , scooter noise is evaluated in the 
context of complete traffic scenarios.  

Typically,  road traffic shows a composition of miscellaneous vehicles and driving 
conditions rather than a single pass -by situation.  

The question  of  how scooters influence the annoyance impression in the context of 
complex traffic scenarios  is examined in detail. This task is accomplished by means of 
acoustical analyses and subjective evaluations.  

The systematic investigation of traffi c noise with the help of measurements is very 
difficult because of the following reasons.  

�x The traffic conditions to be investigated (traffic load, traffic composition, etc.) 
must be found and cannot be fully controlled.  

�x The behavior of the individual  vehic les cannot be controlled (e.g. speed limit).  

�x The environmental condition s ha ve  to be appropriate (e.g. weather)  

�x The investigation of single parameter changes cannot be examined 
systematically and in a reproducible way (e.g. change of traffic composition)  

�x For the evaluation of traffic with high share of electric driven vehicles the actual 
traffic composition in Germany is not adequate.  

These disadvantages can be avoided by using the traffic noise synthesizer to generate 
auralizations of carefully composed t raffic scenarios. As described in chapter 3 
simulation models of different scooters were configured. For the generation of more 
complex traffic compositions car models (passenger cars) are also required. The 
simulation models o f cars powered by internal combustion engines were developed in 
the European research project QCity. Six different models have been generated and 
validated for the simulations. These can be used to compose scenarios with passenger 
cars and scooters with di fferent ratios. To enable the evaluation of scooter traffic in 
combination with purely electric driven cars also two models of electric cars were 
configured. The measurement bases for these two models have been the Mitsubishi 
iMIEV and the Fiat 500 electri c.  

The evaluation of scooter noise in the context of road traffic compositions was done by 
creating different scenarios using the traffic noise synthesizer tool. Two different shares 
of E-Scooters and C -Scooters (5  % and 15  %) with respect to the total tr affic flow were 
simulated. The background traffic flow is simulated as C -Cars (cars with internal 
combustion engine) and E -Cars (electric driven cars).  

In addition to acoustical analyses of the simulation results, the generated sounds o f the 
traffic scena rios were also evaluated in listening tests. There, only a limited duration of 
the sounds can be presented. A trade -off was determined between reasonable traffic 
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Figure 50  Spectrogram of an auralization with the traffic noise synthesizer: simulation of a straight road with a speed 

limit of 30 km/h. The traffic load is 720 vehicles per hour (v ph) with a share of 5 % scooters  and 95  % cars. All 

vehicles are simulated with combustion engines.  
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Figure 51 A-weighted sound pressure level versus time plot of the traffic scenario described ab ove.  

In Figure 52 and Figure 53 the spectrogram and sound pressure level plot of a pure 
elec tric vehicle traffic scenario are  displayed  respectively . In comparison to  the 
scenario composed with combustion  engine driven vehicles the levels are significantly 
reduced . The pass-by events of the electric cars appear much less pronounced than 
the ones of C-Cars. For the scooters this effect is also visible but to an even greater  
extent . 
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Figure 52 Spectrogram of an auralization with the traffic noise synthesizer: simulation of a straight road with a speed 

limit of 30 km/h. The traffic load is 720 vehicles per hour (vph) with a share of 5 % scooters and 95  % cars. All 

vehicles are simulated with ele c tric engines.  
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Figure 53 A-weighted sound pressure level versus time plot of the traffic scenario described above.  

 

5.1 OBJECTIVE EVALUATION OF THE ROAD TRAFFIC SCENARIOS 

To give an introduction to the investigated simulated sound samples the different sound 
pressure levels of two simul ated scenarios are shown in Figure 54 for comparison . While  
the surrounding traffic of E -Cars is left unchanged  the electric scooter are exchanged 
for  scooters with combustion engines. The congruence of the lower peaks 
corresponding to  the pass -by events of the E -Cars can be seen in the chart. The 
difference between blue and green line exhibits an obvio us change during the pass -by 
moments of the scooters. The much higher level of the C -Scooters does not only have a 
negative impact on the peak levels but also the levels before and after the peaks . This 
example emphasizes the big advantage of the simulatio ns compared to 
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measurements where selectively changing specific conditions (like the drive of the 
scooters) is generally not possible.  
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Figure 54 Sound pressure level chart of two simulated traffi c scenarios. In both scenarios  the surrounding traffic 

consists of E-Cars while the C -Scooter share (blue line) is exchanged for E-Scooter s (green line).  

The first step to evaluate  the traffic scenarios is the acoustical analysis by means of  
different obje ctive measures . The chosen analyses are A -weighted sound pressure level, 
loudness and Relative Approach. From these analyses the following percentile values 
are derived: 1  %, 5 %, 50 % and 90  %. In the case of the sound pressure level the 
equivalent contin uous sound level  (LAeq ) is also calculated.  

The following figures show a subset of these analyses as bar plots. Looking at the 5  % 
percentile values of the sound pressure level and the loudness ( Figure 55 and Figure 56) 
the tendency of increasing values from left to right can be seen , where the left half  
corresponds to  the E-Scooter compositions and the right half to  C-Scooter 
compositions. The L Aeq  values follow the 5  % percentile values. The same tendenc y can 
be seen in Figure 57 for the Relative Approach values. In contrast , the 90  % percentile 
values do not show this tendency. Results from the European research project QCity  
brought up a good correlation of the N 5 values (5% pe rcentile loudness) with perceived 
annoyance. From that it can be stated that the annoyance of the complex road traffic 
scenarios, where C -Scooters occur, are most probably higher than the same scenarios, 
where only E -Scooters are present. This conclusion i s analogue to the findings derived 
from the single pass -by evaluation in chapter 4.  
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Figure 55  Comparison of the percentile values of the sound pressure level for the different traffic compositions.  
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Figure 56 Comparison of the percentile values of the loudness for the different traffic compositions.  
































