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Abstract 
Reducing development time and costs is a never ending challenge in the automotive industry. 

Development times are decreased by using CAE-tools for early predictions of product performances and 

qualities and by moving field testing to indoor lab-environments. In the automotive industry, an NVH 

issue such as road noise is an important factor for the perceived product quality. A useful method to 

address NVH problems and to reduce field testing is to combine recordings and simulations into 

auralizations. The objective of this study was to compare auralization of structure borne tyre noise based 

on operational data against artificial head recordings made under the same conditions. Results from a 

listening test showed that clear audible differences existed in the auralizations compared to the artificial 

head recordings. These audible differences were caused by low coherence in the measured binaural 

transfer functions below 150 Hz and in the frequency range 1000-1600 Hz. 

1 Introduction 

Reducing development time and costs is a never ending challenge in the automotive industry. 

Development times are decreased by moving field testing to indoor lab-environments and by using CAE-

tools for early predictions of product performances and qualities. In the automotive industry, NVH (Noise, 

Vibration and Harshness) issues are important factors for the perceived product quality. Interior tyre noise 

is an essential part of NVH. For both car and tyre manufacturers, it is desirable to be predict tyre noise 

early in the development process to allow time and cost efficient product development. Tyre noise is 

generated from the tyre/road interaction and transferred into the car compartment through structure borne 

and airborne paths. For low frequencies, typically less than 500Hz [1], vibrations caused by the tyre/road 

interaction are transferred through the hub to the suspension and chassis to radiate in the car compartment 

as structure borne tyre noise. At higher frequencies the contribution of airborne tyre noise dominates over 

the structure borne tyre noise. 

A common method to record and measure interior tyre noise is to use an artificial head. The sound is 

recorded binaurally and can later be reproduced properly using headphones. This way the spatial 

information in the sound is preserved [2]. However, there is always some loss of acoustical cues and 

spatial information that results in a deterioration of localization [3] which leads to worse source 

localization [4] and separation of sources from reverberation and background noise [5]. Using artificial 

head recordings in product sound development can be difficult since an existing product, mock-up or 

prototype is required. By combining simulations and recordings into auralizations, NVH problems can be 

addressed before prototypes have been produced. The required level of details in the auralization depends 

on the stage in the development process. In an early development stage audible errors and artifacts may be 

acceptable as long as the main character of the sound is realistic. What is considered important for 

preservation of a sound’s main character may be application specific, but a basic requirement should be 

that listeners’ preference ratings for a certain sound should not be altered due to errors and artifacts in the 

auralization [6]. However, in cases where auralizations are used for detailed psychoacoustic analysis, it is 
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important to keep the auralizations perceptually equivalent to real sounds (see for example Christensen et 

al. [7]).  

Creating accurate interior tyre noise auralizations usually require a high level of detailed and complex 

models. Therefore, tyre noise issues are often handled late in the vehicle development process which gives 

little freedom for modifications of the product. For practical use, this research introduce the possibility to 

use auralizations of operational hub force measurements filtered through the structure borne transfer 

function of a car instead of making artificial head recordings of the same set up (tyre and car). For a car 

manufacturer, the number of time consuming field tests of different sets of tyres can then be reduced.  

From the perspective of a tyre company, the number of different cars used in field testing can be reduced. 

For both manufacturers, either the car or the tyre usually exist as a prototype or an existing product. To 

fully reproduce the structure borne tyre noise, all 6-DOF (degrees of freedom) are of importance, 3 

translations (forces) and 3 rotations (moments). Hub forces in 6-DOF can either be simulated using CAE-

tools or measured with hub force transducers. The product in the development process can thereby be 

excited as in a real life situation.  

The objective of this study was to compare auralization of structure borne tyre noise based on operational 

data against artificial head recordings made under the same conditions. The reason for comparing 

auralizations with artificial head recordings was that this gave an absolute reference. By using an 

experimental setup where the same source and the same artificial head were used for recordings and for 

measurements of binaural transfer functions (BTFs) the recordings and the auralizations suffered from the 

same artifacts and deteriorations of the signals.    

2 Method 

2.1 Evaluation Methodology 

To detect small differences in reproduced sounds, the ITU (International Telecommunication Union) 

recommendation BS.1116-1 has been shown to be an effective and accurate method [8, 9]. The method 

which is called “double-blind triple-stimulus with hidden reference” is similar to an ABX-test with 

additional subject estimation of perceived differences. One subject at a time is presented with three stimuli 

(“A”, “B” and “REF”). A known reference (from now on called reference stimulus) is always stimulus 

“REF”. A hidden reference identical to the reference stimulus and an object stimulus are simultaneously 

available and are randomly assigned to “A” and “B”. The subject is asked to assess the impairments on 

“A” compared to “REF”, and “B” compared to “REF”. The subject may switch between stimuli at will. 

The subject is forced to judge one of the stimuli (“A” or “B”) as equal and the other stimulus different 

from the reference (“REF”). The method was slightly modified, instead of judging impairment, subjects 

were asked to judge the difference between the stimuli as differences induced by changes in auralizations 

may not necessarily be perceived as impairments. In addition, comparisons between artificial head 

recordings of different tyres were included to see how large differences between tyre recordings are 

compared to the differences between recordings and auralizations. The difference was judged on a scale 

ranging from 0 to 100 where 0 = very pronounced and 100 = not audible. The listening test was controlled 

by the subject through a computer interface as shown in figure 1. During the listening test, the subject was 

free to switch between sounds in any order and as many times as desired. On switching, the first sound 

was ramped down over a 20 ms period followed by a 30±10 ms pause before the new sound was ramped 

up over 20 ms. Sound pairs with no audible differences were identified by analysis of the proportion of 

correct identifications while difference ratings were analyzed for correctly identified sound pairs. 
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Figure 1: User interface for listening test. 

2.2 Sound Stimuli 

2.2.1 Measurement set up 

In order to make auralizations comparable to artificial head recordings, the same measurement set up was 

used both for the binaural recordings as for measuring the BTFs used for creating auralizations. For this 

study a medium sized station wagon was used as a test object. The aim was to measure the BTFs from the 

left front hub in 6-DOF to an artificial head (Head Acoustics HMS IV) placed at the drivers position in the 

car. Since the hub should be excited by operationally recorded hub forces, no wheel was mounted to the 

hub. In order to reproduce hub forces and moments, the set-up had to be capable of exciting and 

measuring all 6-DOFs simultaneously. Inconsistencies due to displacements, alterations or changes of 

loading of the structure are therefore prevented. Without tyre or rim mounted on the hub, the aim was to 

attach all equipment directly to the brake disc. A similar set up has been used in a previous study where 

the mechanical mobility of the hub was measured in 6-DOF [10]. 

For a correct reproduction of the moments, the brake disc had to be rigid in the frequency range of interest 

for structure borne noise. Since the original brake disc was not rigid in a sufficiently large frequency range 

and due to difficulties to load the suspension and mount all measurement equipment, a special brake disc 

was designed and fabricated [10]. With the specially made disc, a mount for adjusting the load of the 

hub/suspension was made. To create moments in α-direction, a cantilever beam had to be attached, see 

figure 2. The disc was made into a quadratic shape to fit measurement equipment along with creating 

evenly spaced excitations points. The disc was milled from a steel plate and by making the disc solid and 

thicker, the structure behaved as a rigid body up to 2 kHz [10].  
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Figure 2: Square shaped brake disc. 

The loading of the hub and front suspension was made by suspending the hub with a spring attached 

between the brake disc and a supporting rack. Ball joints where used in both ends of the spring to prevent 

coupling between different DOFs. The contribution from the spring affected 2 DOFs, the z- and β-

direction, see figure 2. The resonance frequency of the spring was approximately 3 Hz, and thereby under 

the audible frequency range. The loading (weight) on the hub was checked by measuring the height from 

the ground to the center of the hub. Loading of the hub was considered as equivalent to operational 

loading when the height was the same as with a wheel mounted.  

To reproduce the hub forces in 6-DOF simultaneously shaker excitation was chosen. With six shakers both 

translations and moments could be replicated. Since the aim was to attach all shakers to the brake disc, 

shakers had to fit inside the wheelhouse and underneath the car. Because of the limited space, small 

shakers were necessary. Since small shakers are not capable of delivering the magnitude of the measured 

forces, the data had to be scaled. LDS V201 electrodynamic shakers were the largest shakers available to 

fit in the measurement set up. They are capable of delivering a sine force peak of 17.8 N. The shakers 

where powered by LDS PA 150 amplifiers. All shakers were arranged pairwise, each pair orthogonal and 

uncoupled to each other. One pair was fitted underneath the car. The other two pairs were mounted on 

individual mechanical benches loaded with blocking masses, see figure 3. Each shaker pair was mounted 

so that the distance and alignment could be adjusted accurately.  

To reduce measurement errors generated due to tangential forces, small force transducers (B&K 8230) 

were chosen. To minimize the tangential forces further, stingers used for energy distribution from the 

shakers to the force transducers should have a low bending stiffness but be stiff in compression. To fulfill 

this, stingers were turned from Polyoxymethylene-plastic (POM). For data acquisition, B&K PULSE 

software was used along with B&K LAN XI interfaces, 3160-B-4/2 and 3050-B-6/0.  
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Figure 3: Measurement set up. 

2.2.2 Measurement of binaural transfer function 

In order to measure the binaural transfer functions in 6-DOF, a MIMO-technique (multiple input multiple 

output) was applied [10-12]. The hub was excited in 6-DOF simultaneously using white noise 0-1600 Hz. 

This frequency range was enough to cover the frequency content of the recorded hub forces. With white 

noise exciting the hub, the response at each force transducer and at the artificial head was recorded. Since 

it was the transfer function from each DOF to the artificial head that was sought after, the recorded time 

signals from the force transducers were summarized in time domain to be represented as a net force or 

moment in each direction according to equation (1 – 6).  

      tFtFtFx 43   (1) 

      tFtFtFy 21   (2) 

      tFtFtFx 65   (3) 

      tFdtFdtM 6655   (4) 

      tFdtFdtM 4433   (5) 

      tFdtFdtM 2211   (6) 

Location of the forces and distances d1 to d6 is shown in figure 2, where d1 to d4 were 0.07 m, d5 was 0.066 

m and d6 was 0.034 m. The transfer functions from the summarized forces and moments to each ear of the 

artificial head could be considered as two MISO-systems (multiple input single output) according to figure 

4. 

 

FP7 IAPP TIRE-DYN TYRE/ROAD NOISE AND EXPERIMENTAL VALIDATION 1587



 

Figure 4: MISO-systems (one to each ear) used for creating auralizations. 

By consider the system as two MISO-systems, the transfer functions to each ear could be expressed as: 

 FpFFFp HSS   (7) 

where the matrix vector SFp represents the cross spectral density functions from each force and moment to 

the right ear of the artificial head. The matrix SFF corresponds to the auto- and cross spectral density 

functions between the forces and moments. HFp contain the transfer functions from each force and 

moment to one ear of the artificial head. Equation (7) can be expressed to the right ear as: 
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The transfer functions are then solved with: 

 
1

 FFFpFp SSH  (9) 

Both auto spectral density functions of the input signals and cross spectral density functions between input 

and output signals were calculated in B&K PULSE in the frequency range 0-1600 Hz with 0.25 Hz 

frequency resolution. A previous study has shown that auralizations should at least have a frequency 

resolution of 1 Hz in order to avoid audible difference [13]. With a 0.25 Hz frequency resolution, narrow 

and close peaks could be detected. A Hanning window with 50 % overlap was used and each measurement 

consisted of 28 averages. A high-pass filter with a cut-off frequency of 0.7 Hz was used for all force 

transducers where the artificial head had a cut-off frequency of 22.4 Hz. 

2.2.3 Creation of reference stimuli 

The operational hub forces were recorded in 6-DOF with Kistler hub force transducers. Recordings were 

done for two studded winter tyres (labeled Tyre 0 and Tyre 1) on a dry asphalt road at four velocities 

(30km/h, 50km/h, 70km/h and 90 km/h). Since the operational data included forces larger than the shakers 

were capable of delivering, all forces were scaled with the same factor. All forces were high-pass filtered 

(Butterworth 2:nd order) with a cut-off frequency of 15 Hz. The filtering was done in both forward and 

backwards direction for zero-phase distortion. The filtered and scaled operational data was fed to the 
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shakers as excitation signals while the interior noise was recorded with the artificial head. The artificial 

head recordings were used as reference sounds in the listening test. 

2.2.4 Creation of object stimuli 

When the reference stimuli were created, the vibrational response at each force transducer was recorded. 

These signals were used for calculating the net force and moment in each DOF according to equations (1 – 

6). The net force and moment were used as source signals for the auralizations. Auralizations were created 

by convolving the net force and moment signals with the impulse response of corresponding DOF of the 

BTFs, as shown in figure 4. The convolved signals in each DOF were summarized to the resulting sound 

pressure at each ear as: 

     
 




 

xi

iFipjj tFtHiffttp
Left  Right, j

,,z,y, x, i
          where)()(  (10) 

where pj(t) is the auralized time signal at j:th ear, ifft(HFipj)(t) is the impulse response of the BTF in i:th-

DOF to j:th ear and Fi is the recorded force in i:th direction.  

2.3 Listening Test 

The listening test compared 24 pairs of reference stimuli and object stimuli. To avoid obvious acoustical 

ques such as background noise and level differences between the reference stimuli and the object stimuli, 

all stimuli were band-pass filtered (Butterworth 2:nd order) in 20-1600 Hz. For the sounds to be 

reproduced correctly in headphones, all stimuli were equalized. In order for the stimuli to be played 

through Head Acoustics HPS IV headphones amplifier, all stimuli were down sampled from the measured 

sampling frequency of 65.5 kHz to 44.1 kHz. The level of the sounds was adjusted to the same A-

weighted sound pressure level equal to a typical level of tyre noise in the actual car. 

In each comparison, the same speed was always considered for both the reference stimuli and the object 

stimuli. Along with comparing recordings to auralizations, additional comparisons were made between 

recordings of the different tyres. This was made to see if the differences were larger between different 

tyres recorded than between recordings and auralizations made using the same tyre. The judged pairs are 

listed in table 1. Each subject took part in a training session which consisted of 6 pairs of sounds. The 

stimuli used in the training session are marked with an asterisk (*) in table 1. After the training session, 

the listening test consisted of 12 pairs of sounds, replicated twice, in total 24 sound pairs. The sound pairs 

were played in random order for each subject. 

A total of 18 subjects participated in the listening test, 10 men and 8 women. All subjects were volunteers 

with a self-reported normal hearing. The mean age was 29.2 years (SD 5.8 years). 
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Comparison Reference stimuli Object stimuli Speed 

0 Recording - Tyre 0 Auralization - Tyre 0 30 km/h 

   
50 km/h* 

   
70 km/h* 

   
90 km/h 

1 Recording - Tyre 1 Auralization - Tyre 1 30 km/h* 

   
50 km/h 

   
70 km/h 

   
90 km/h* 

2 Recording Tyre 0 Recording Tyre 1 30 km/h* 

   
50 km/h 

   
70 km/h* 

      90 km/h 

Table 1: Pairs of sounds judged in the listening test. * = Sound pairs used in the training session. 

3 Results and Discussion 

3.1 Measurement of binaural transfer functions 

Figure 5 shows the measured binaural transfer function to right ear. No clear magnitude differences can be 

seen when comparing translational DOFs or momenta DOFs among themselves.  

 

Figure 5: Transfer function from forces (left) and moment (right) to right ear of the artificial head. 

The coherence functions were measured with only one shaker enabled. In the coherence measurement, a 

pseudo random noise (0-1600 Hz) was used to excite the hub and a uniform window was applied. The 

coherence function from force transducer F1 to the right ear of the artificial head is shown in figure 6. The 

quality of the coherence function in figure 6 is representative for the coherence functions from other force 

transducers to the artificial head. It can be seen in figure 6 that frequencies below 150 Hz have a rather 

poor coherence. This might be due to the fact that the small shakers cannot deliver sufficiently large forces 

in this frequency span. This issue can be overcome by dividing the frequency range of interest into several 

measurement sets. Sufficient force levels can then be delivered from the shakers to increase the 

measurement quality. In the frequency range of 150-1000 Hz, the coherence is acceptable. For frequencies 

over 1000 Hz clear dips are shown in figure 6.  
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Figure 6: Coherence function from force transducer F1 to right ear of artificial head. 

3.2 Listening test  

Results from the listening test showed that all 18 subjects were capable of separating the reference stimuli 

from the object stimuli for all 24 sound pairs. It can be concluded that the auralizations were not 

sufficiently similar to the artificial head recordings.   

When evaluating the difference rating, each speed was analyzed separately. Since the similarity scores 

were not normally distributed parametric statistics could not be applied. Kruskal-Wallis test was used to 

test if medians differed between the three different comparisons (Comparison 0, 1 and 2) defined in table 

1. In table 2, significant differences (p<.05) in medians of similarity scores are found between the 

comparisons at 50 km/h and 90 km/h.   

Velocity P-value 

30 km/h p < .68 

50 km/h p < .00 

70 km/h p < .62 

90 km/h p < .00 

Table 2: Kruskal-Wallis test of differences in medians of similarity scores between Comparison 0, 1 and 2. 

Boxplots of similarity ratings for the three comparisons are shown separately for each speed in figure 7 

and 8.  
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Figure 7: Boxplot comparison of the velocities 30km/h (left) and 50km/h (right). 
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Figure 8: Boxplot comparison of the velocities 70km/h (left) and 90 km/h (right). 

3.3 Spectral analysis  

The listening test results showed that clearly audible differences were perceived between recordings and 

auralizations. To find the audible artifacts in the auralizations, the stimuli were compared in the frequency 

domain.  In figure 9, spectrum plots of Tyre 0 (left) and Tyre 1 (right) can be seen for the velocity 90 

km/h. Spectral difference (for both tyres) between the recording and the auralization can be seen for 

frequencies below 150 Hz and above 1000 Hz. From figure 6 we also see that the coherence is low in 

those frequency ranges. It is likely that these deviations have created the audible difference between the 

recording and auralization.  

 

Figure 9: Spectrum comparisons of recordings and auralizations, 90km/h. 

In figure 8 (right), the boxplot show that the perceived difference was smaller between the artificial head 

recordings of Tyre 0 and Tyre 1 than between recordings and auralizations of the same tyres. From the 

spectrum comparison in figure 10, large similarities can be seen between Tyre 0 and Tyre 1. These 

similarities are also larger than the spectrum comparisons shown in figure 9 (recordings vs. auralizations). 

The reason for this similarity is that Tyre 0 is a predecessor of Tyre 1 and therefore has a lot in common.  
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Figure 10: Spectrum comparison between Tyre 0 and Tyre 1, 90 km/h. 

By comparing the listening test results with the spectral differences shown in figure 9 and 10, the result is 

not surprising. It can be argued that the “double-blind triple-stimulus with hidden reference”-test used in 

this study is not suitable for comparison of sounds with as large differences as studied here, since the 

method is too sensitive to small differences in sound character. Just because audible differences exist in 

the auralizations compared to artificial head recordings does not mean that the auralization or method 

cannot be useable in the development process for decreasing time and costs. 

4 Conclusions 

This study showed how operationally measured hub forces can be used to create interior tyre noise 

auralizations for structure borne sounds. The auralizations where compared against artificial head 

recordings made in the same measurement set up. The similarity of the auralization to the artificial head 

recordings was judged in a listening test. Results showed that clear audible differences existed in the 

auralizations compared to the artificial head recordings. The reason for these audible differences was 

caused by low coherence in the measured binaural transfer functions below 150 Hz and in the frequency 

range 1000-1600 Hz. The low coherence in the frequency range below 150 Hz is most likely due to small 

shakers used in the measurement set up which were not capable of delivering sufficiently large forces. To 

create auralizations more similar to recordings, the measurement quality below 150 Hz has to be 

improved. This might be overcome be dividing the frequency range into several measurement sets. The 

issues in the frequency range 1000-1600 Hz is a non-existing problem in reality since the airborne tyre 

noise is dominating and masking the structure borne noise over 500 Hz [1]. 

It was also shown from the listening results test that the audible differences were greater between 

auralizations and corresponding recordings than between recordings of different tyres. The reason for this 

rather worrying finding is that one of the tyres is a predecessor of the other and they thereby have much in 

common. In future research, it is therefore advised to use a larger selection of different tyres in order to 

evaluate the value of using interior tyre noise auralizations. Despite the perceived differences between 

auralizations and recordings, auralizations can be useful in the development process.  

References 

[1] L.G. Hartleip, T.J. Roggenkamp, Case Study - Experimental Determination of Airborne and 

Structureborne Road Noise Spectral Content on Passenger Vehicles. Proceedings of the 2005 SAE 

Noise and Vibration Conference, Traverse City, USA, (2005), paper 2005-01-2522. 

[2] D. Hammershøi, H. Møller, Binaural Technique – Basic Methods for Recording, Synthesis, and 

Reproduction, in: Communication Acoustics, J. Blauert, ed. Springer, Berlin (2005). 

FP7 IAPP TIRE-DYN TYRE/ROAD NOISE AND EXPERIMENTAL VALIDATION 1593



[3] M.Löfdahl, A. Nykänen, R. Johnsson, Measurement of variation in binaural transfer functions 

caused by displacements of sources and receivers, Proceedings of INTERNOISE 09, Ottawa, Canada 

(2009), paper in09_713. 

[4] P. Minnaar, S. K. Olesen, F. Christensen, H. Møller, Localization with Binaural Recordings from 

Artificial and Human Heads, Journal of the Audio Engineering Society, Vol. 49, No. 5, (2001), pp. 

323- 336.  

[5] H. Møller, D. Hammershøi, C. B. Johnson, M. F. Friis, Evaluation of Artificial Heads in Listening 

Tests, Journal of the Audio Engineering Society, Vol. 47, No. 3, (1999), pp. 83-100. 

[6] A. Nykänen, Methods for product sound design, Doctoral thesis 2008:45, Luleå University of 

Technology, (2008) Sweden. <http://epubl.ltu.se/1402-1544/2008/45/>. 

[7] F. Christensen, G. Martin, P. Minnaar, W-K. Song, B. Pederson, M. Lydolf, A listening test system 

for automotive audio – part 1: system description. In: AES 118th convention, Barcelona (2005), 

Spain. 

[8] Methods for the subjective assessment of small impairments in audio systems including multichannel 

sound systems, ITU-R BS.1116-1: International Telecommunication Union, Geneva, Switzerland, 

(1994). 

[9] D. Clark, High-Resolution Subjective Testing Using a Double-Blind Comparator, J. Audio Eng. Soc., 

30, 330-338 (1982).  

[10] M. Löfdahl, “Model Development for Auralization of Interior Tyre Noise”, Licentiate thesis  Luleå 

University of Technology, (2011) < http://pure.ltu.se/portal/files/32962462/Magnus_L_fdahl.pdf>.  

[11] J. S. Bendat and A. G. Piersol, Engineering applications of correlation and spectral analysis, 2
nd

 ed. 

New York: Wiley & Sons, 1993.  

[12] L. H. Ivarsson and M. A. Sanderson, MIMO technique for simultaneous measurement of 

translational and rotational mobilities, Applied Acoustics, Vol. 61 (2000), pp. 345-370. 

[13] A. Nykänen, “Assessment of the change in similarity judgements of auralized engine sounds caused 

by changes in frequency resolution of transfer functions”, Applied Acoustics, Vol. 72 (2011), pp. 

115-123. 

1594 PROCEEDINGS OF ISMA2012-USD2012


