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Abstract
In the automotive industry NVH (Noise, Vibration and Harshness) issues are important 
factors for the perceived product quality. Interior tire noise is an essential part of NVH and is 
generated from the tire/road interaction and transferred into the car cabin through structure-
borne and airborne paths. For low frequencies, typically less than 500 Hz, the interior tire 
noise is dominated by the structure-borne sound while at higher frequencies the airborne 
contribution dominates. It is desirable to predict tire noise early in the development process 
to allow time and cost efficient development of cars and tires. A useful method to address 
NVH problems in early design phases and to reduce field testing is to combine recordings 
and simulations into auralizations.  

The objective of this thesis was to develop an auralization model of interior structure-borne 
tire noise. First, some important issues which must be considered when modeling interior 
tire noise were studied. In Paper I it was shown that the variability between nominally 
identical cars may be larger than between tires from different manufacturers. This must be 
considered when assessing tire noise. In Paper II, the required spatial resolution of binaural 
auralizations of interior tire noise was assessed. The recommended maximum inaccuracy in 
positioning of sources and receivers for binaural measurements for cars was found to be 1 cm, 
in order to avoid audible effects. Then, an auralization model was developed, which uses 
operationally measured or simulated hub forces in six DOFs (degrees of freedom) filtered 
through experimentally measured binaural transfer functions from the hub to an artificial 
head in the cabin of the car. By changing the transfer functions or tire properties, the model 
can be used to auralize and evaluate tire noise in an early design phase.  

The hub acts as the coupling element and describes the boundary condition for the rim. In 
paper III, the mechanical mobility of a hub was measured in six DOFs simultaneously. High 
multiple coherences and good reciprocities in the frequency range 25–500 Hz confirmed the 
measurement reliability. In paper IV, the auralization model was validated in a listening test 
by comparing auralizations of structure-borne tire noise based on operational data against 
artificial head recordings made under the same conditions. Ranking of tires with respect to 
annoyance of interior sounds showed good agreement between auralizations and recordings. 
This shows the potential of using this methodology in product development. Paper V 
addresses the question of which DOFs that are most prominent in structure-borne tire noise. 
In a listening test, an auralization including all six DOFs was compared with auralizations 
lacking one DOF at a time. Also, auralizations lacking either all translational DOFs or all 
rotational DOFs were included in the listening test. In this case, the listening test showed 
that the overturning moment (M ) was the most prominent DOF. 

Keywords: Interior tire noise, structure-borne tire noise, auralization, sound quality, 
multidirectional mechanical mobility, 6-DOF, rotational DOFs, vehicle acoustics  
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1 Introduction
Increasing competition on the global market has set pressure on the product development 
process in the automotive industry. New products that fulfill or even surpass the customer 
expectations have to be developed at lower costs and in shorter times [1]. The efficiency of 
the product development process plays a key role to get the products out on the market as 
quickly as possible. Development times and costs can be reduced by modeling the final 
products with functional performances in an early design phase. Requirements such as 
legislations must be passed and the customer requirements on perceived product quality 
should be fulfilled. Therefore, functional performances such as comfort, safety and reliability 
have to be estimated with sufficient accuracy. It is often functional performances that set the 
quality sign of the product and differentiate it from competitors.  

Acoustic performance and sound quality are essential parts of the perceived product 
functionality and quality. Over recent years, product sound design has received increasing 
attention and has become a natural part of the automotive product development process. 
Today, companies use sound design to position the brand on the market as well as to 
differentiate their products from competitors [2]. This has created a growing need for good 
CAE-tools. Different methods have been developed, for example simulation software, 
measurement techniques and psychoacoustic models. With these methods, sound levels can 
be predicted, acoustical performance simulated and sound quality evaluated. The needed 
complexity and accuracy of the prediction depends on the situation. In an early design phase, 
a rough “sound sketch” can be enough for valuable decision support while more detailed 
information might be needed in a later phase [3]. More accurate data are therefore usually 
needed at the end of the development process for satisfying performance of predictions and 
analyses.  

Audio recordings of products under operating conditions are useful in applications such as 
subjective evaluations and calculations of psychoacoustic metrics. Recordings can easily be 
modified and filtered in ways that are hard to achieve using changes to prototypes or 
simulations. However, accurate recordings often require a well-developed prototype and 
thereby a late stage in the design process. For each physical modification, a prototype must 
be reused or a new created. This is followed by making new recordings and evaluations 
which is an expensive and time-consuming process. Tracing specific noise components in the 
recording to their origin in the product can also be hard.  

Numerical simulations based on dynamic models can be used in the product design process 
to create synthetic sounds [4]. Structural dynamic models can also be used to calculate 
modes, deflection shapes and frequency response functions (FRFs) of the product. Computer 
models allow insight into, and understanding of physical problems. Parameter values can be 
adjusted and evaluated in the model in an effective way compared to making corresponding 
changes on a physical model. However, it is often necessary to simplify models by neglecting, 
e.g. degrees of freedom (DOFs), nonlinearities, unknown material properties, unknown 
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operating forces and unknown boundary conditions. These simplifications result in 
inaccurate models with varying magnitudes of errors. 

A powerful method in the product sound design process is to take advantage of the strengths 
of both recordings and simulations and combine them into auralizations. Auralization was 
defined by Kleiner et al. [5] as: “Auralization is the process of rendering audible, by physical 
or mathematical modeling, the sound field of a source in a space, in such a way as to simulate 
the binaural listening experience at a given position in the modeled space”. The aim of 
auralizations is “to recreate the aural impression of the acoustic characteristics of a space” [5]. 
According to Vorländer [6] the word auralization is today used “to describe the process of 
signal generation, processing and reproduction as well as its result: the perceivable sound as 
auralization of an acoustic problem, a room, a building, a car or any other industrial 
product”. This thesis concerns auralization of structure-borne tire noise.  

1.1 Auralization of automotive sounds
In the automotive industry, product sound design and sound quality is very important for the 
customers’ perception of vehicle quality. The term/acronym NVH (Noise, Vibration and 
Harshness) is used in the automotive community to describe unwanted vibrations and sounds 
[7]. It is desirable to predict sounds and vibrations early in the development process to allow 
time and cost efficient product development. This is achieved by moving field testing to 
indoor lab-environments and by using CAE-tools for early predictions of product 
performances and qualities. Hybrid models, combining numerical simulations and 
experimental data, are used in the automotive industry to predict NVH issues such as the 
interior noise [8-10].  A typical hybrid model is divided into substructures where each part is 
described either as a numerical simulation or as an experimental model. What types of 
models and techniques that are combined into hybrid models depends on for example 
practical considerations for the frequency range of interest [11]. Usually, frequency spectra of 
the predicted interior noise are obtained. Spectra of the predicted interior noise can be 
powerful at an early development stage where critical frequencies can be found. However, it 
is difficult to assess how interior noise will be perceived solely from spectra. Therefore, it is 
useful to combine recordings, measurements and/or simulations into auralizations [12]. 
Auralization can be seen as a hybrid model resulting in a time domain simulation. 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. In cases where auralizations are used for sound quality 
evaluations and detailed psychoacoustic analysis, it is important to keep the auralizations 
perceptually equivalent to real sounds [12-14]. However, 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 [3].  
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1.2 Tire noise
The interior noise in the car comes mainly from three noise sources; aerodynamic noise, 
powertrain noise and tire noise. As the speed increases, tire noise becomes one of the 
dominant sources. Tire noise is generated from the tire/road interaction and transferred into 
the car cabin through structure-borne and airborne paths, see Fig. 1. For low frequencies, 
typically less than 500 Hz, the structure-borne contribution dominates [15]. Vibrations 
caused by the tire/road interaction are transferred through the hub to the suspension and 
chassis to radiate into the car cabin. At higher frequencies the contribution of airborne tire 
noise dominates over the structure-borne tire noise [15]. 

 
Fig. 1. Transfer paths of interior tire noise.  

In order to reduce interior tire noise the complete paths from the tire/road interaction to the 
ears of the listener must be taken into account. A proper knowledge of tire properties, sound 
propagation and the properties of the car is required. A powerful tool in the development 
process of both tires and cars would be the ability to predict and listen to the interior tire 
noise already at an early development stage. 

In addition to the interior tire noise, the tire noise will also radiate to the surrounding as 
exterior tire noise/road traffic noise. Solely in the EU, studies made year 2000 estimated that 
more than 30 % of the population in EU is exposed to sound pressure levels of road traffic 
noise above 55 Ldn

1 dB. In addition, 50 million people are exposed to noise levels above 65 
Ldn dB [16]. Thereby, road traffic noise is a serious environmental problem. However, 
exterior tire noise will not be further discussed or treated in this thesis. 

1.3 Aim and objectives 
The aim of this thesis was to develop and validate an auralization model of structure-borne 
interior tire noise. The idea of the model is to facilitate listening and quality assessment of 
interior tire noise at various stages in the development process. It is usually hard to draw 

1 Ldn i.e. a day/night level, is a descriptor of noise level based on the energy-equivalent noise level (Leq) over 
the whole day with a penalty of 10 dB(A) for night time noise (22.00-07.00 hrs). 
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conclusions in advance on how the interior tire noise will be affected by specific changes in 
the tire or car design. An auralization model of structure-borne interior tire noise is relevant 
both in tire and car development. Commonly, either the car or the tire exists as a prototype 
or as an existing product. For a car manufacturer, the number of time-consuming field tests 
of different sets of tires can thereby be reduced. The auralization model could as well be used 
in the development process by the car manufacturer for benchmarking and target setting to 
specify the properties of the tires needed for their new products. From the perspective of a 
tire manufacturer, the number of different cars used in field testing can be reduced. In order 
to develop an auralization model of structure-borne interior tire noise, the following 
objectives were addressed: 

Study the perceived variability between artificial head recordings of interior tire noise 
made in nominally identical cars.  

Find the just noticeable displacements of a source outside the car or an artificial head 
inside the car for headphone reproduced artificial head recordings. 

Measure the mechanical mobility at the hub of a car in six DOFs. 

Develop and validate an auralization model of interior structure-borne tire noise based 
on operationally measured hub forces and moments in six DOFs by comparison with 
artificial head recordings made under the same conditions. 

Find which directions of hub forces and moments are perceived as most and least 
prominent in structure-borne interior tire noise. 
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2 Auralization of structure-borne tire noise 
The auralization model was developed according to the structure-borne tire noise transfer 
path, see Fig. 2. 

 
Fig. 2. Auralization model of structure-borne interior tire noise.  

Vibrations caused by the tire/road interaction are transferred through the wheel to the 
suspension and chassis of the car. The hub acts as the coupling element between the wheel 
and the car. Movements of a mechanical system such as the hub of a car can be described in 
six DOFs, three translations (in the x, y, and z directions) and three rotations (in the , , 
and directions). During operational conditions, the hub is thereby affected by three forces 
(Fx, Fy, and Fz) and three moments (M , M , and M ). These operational hub forces and 
moments serve as inputs to the auralization model and can be acquired from either 
simulations or operational measurements. This is represented in the column Wheel properties 
in Fig. 2. 

The forces and moments acting on the hub generate vibrations which propagate through the 
suspension and chassis to radiate in the car cabin to the ears of the driver and passengers. This 
section is represented in the column Car properties in Fig. 2. The propagation paths from the 
hub to the ears of the driver can be experimentally measured and are called binaural transfer 
functions (BTFs).  

Auralizations of structure-borne tire noise are created by filtering the acquired wheel hub 
forces and moments through the BTFs. With BTFs, the spatial information in the sound is 
preserved when the auralization is reproduced using headphones [17]. This is represented in 
the auralization model (Fig. 2) as the column Interior tire noise. Auralizations made with 
different tires and cars can then be used for aural assessments, e.g. in a listening test. This can 
be a faster approach than making individual recordings for larger numbers of tires and cars. A 
major advantage with the auralization model, compared to making conventional recording of 
the interior noise in the cabin of the car, is that the structure-borne tire noise is separated 
from other noise sources in the car. Furthermore, the noise contribution from each DOF can 
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be isolated and listened to individually. This can be useful in car and tire development to 
detect weak spots or prominent resonance frequencies in the tire/car combination.  

2.1 Wheel properties 
Operational hub forces and moments can be obtained either from simulations of a rolling tire 
or from operational measurements. 

2.1.1 Simulations 
To create an accurate simulation of hub forces and moments, a detailed and complex 
computer model of a wheel is needed. This requires that not only correct material properties 
of the compounds and layers in the tire are available but also correct material properties of 
the rim. The boundary condition of the rim/hub interface should also be included in the 
simulation as well as the tire/road interaction including the texture of the road. Due to the 
complexity, tire models are simplified to varying degrees. Tire models based on different 
techniques such as numerical simulations and analytical models have been developed over the 
last decades. However, few studies have been conducted regarding simulations of hub forces 
and moments. Studies including Finite Element (FE) models of a stationary tire have been 
made in order to find how tire properties such as air cavity geometry [18] and belt damping 
[19] affect the force transmissibility. Based on a wave model of an unloaded stationary tire, 
Pinnington [20] described the radial force transmission from the tire to the hub. Tire models 
for prediction of hub forces under rolling conditions have been presented in Tsujuchi et al. 
[21], Ichiro et el. [22], Sabinarz [23] and Rustighi et al. [24]. However, in these studies only 
hub forces are included while moments are disregarded. The boundary condition of the 
rim/hub interface is usually considered as rigidly attached. Simulations of accurate hub forces 
and moments for all six DOFs are therefore usually not available. Even though the models 
are simplified they increase understanding of the mechanics of a wheel and can be useful in 
the development process of tires.  

2.1.2 Measurements 
Direct and indirect measurement methodologies and systems have been developed to 
measure hub forces and moments in six DOFs. Various wheel force transducers capable of 
directly measuring operational hub forces in six DOFs exist on the market. Wheel force 
transducers are typically based on a load cell mounted between the hub and wheel. Products 
are application specific and range from tire test benches to on-road systems. In most 
applications, the systems are designed to measure low frequency properties such as handling 
and tire wear. This means that the typical frequency range of the measurement systems often 
is too limited for structure-borne tire noise applications, which require a frequency range of 
20–500 Hz [15]. One reason for the limited frequency range is that the load cell should be 
capable of measuring a wide dynamic range of both the static load from the weight of the car 
and the dynamic load from the operational condition [25]. Another reason for the limited 
frequency range is that it is hard to measure six DOFs accurately since it requires that the 
system itself is rigid in all directions. The accuracy of the wheel force transducer system, 
MTS SWIFT, has been validated in [26, 27]. For the same system, the structural and modal 
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properties of the load cell has approximately 2 dB of deviation from a flat response is in the 
frequency range 20–500 Hz in all directions. An advantage with a 6-DOF wheel force 
transducers is that actual hub forces and moments are measured under operational conditions 
and that structure-borne tire noise is separated from the airborne contribution. 

Operational hub forces and moments in six DOFs can also be measured indirectly by a 
method developed in [25, 28, 29]. The method is described by Park in [25] as: “The Inverse 
Frequency Response Function (IFRF) method estimates the spindle loads by multiplying the 
pseudoinversion of the suspension FRF matrix with suspension vibration responses under 
operational conditions”. What this means is that hub forces and moments can be estimated 
from the vibration response measured at the spindle. This method has been used by [30] and 
[31] to assess tire/wheel and vehicle effects on the interior noise. An advantage with the 
method is that structure-borne tire noise is separated from the airborne contribution. A 
disadvantage with the method is that unwanted crosstalk of other noise sources such as 
driveline noise is measured by the transducers mounted on the spindle [12].  

2.2 Car properties 
Hub forces and moments obtained from simulations or operational measurements need to be 
combined with models or measurements of the suspension and chassis of the car to create 
auralizations of structure-borne interior tire noise.  When all six DOFs of hub forces and 
moments are acquired, all six DOFs are needed in models or measurements of the hub as 
well. A 6-DOF excitation of the hub serves two purposes:  

1. To experimentally measure the structural behavior of the hub in order to update the 
boundary condition of the rim/hub interface in simulation models of tire and rim.  

2. To measure the acoustical transfer paths from the hub to the ears of the 
driver/passengers. 

2.2.1 Hub forces and moments 

Mobility
The hub acts as the coupling element and describes the boundary condition for the rim. In 
FE techniques or mathematical modeling of structures using lumped mass, stiffness and 
damping elements, blocked impedance is used to describe the boundary condition of the 
coupling between structures. Mechanical impedance is defined in ISO 2041:2009 [32] as: 
“complex ratio of force to velocity at a specific point and degree of freedom in a mechanical 
system”. Further, blocked impedance is defined in [32] as: “impedance at the input when all 
output degree of freedom are connected to a load of infinite mechanical impedance”. 
However, blocked impedance can be hard to measure in practice, since it requires a 
grounded (blocked) structure. Instead the free mobility matrix can be measured and 
converted into a blocked impedance matrix because they are the inverse of each other [32]: 

blocked
free Z

Y 1
           (1) 
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The mobility is defined in [32] as: “complex ratio of the velocity, taken at a point in a 
mechanical system, to the force, taken at the same or another point in the system”. The 
point can also be an area as long as it is rigid. The area can be considered as rigid if the size is 
small in comparison to the wavelength governing the propagation in the structure. This 
condition defines the upper frequency limit below which the theory of mobility is valid for 
an area [33]. To describe the full structural behavior of an area, the interactions between all 
DOFs have to be taken into account. This results in a 6 × 6 mobility matrix: 

M
M
M
F
F
F

YYYYYY
YYYYYY
YYYYYY
YYYYYY
YYYYYY
YYYYYY

w
w
w
v
v
v

z

y

x

zyx

zyx

zyx

zzzzzzyzx

yyyyzyyyx

xxxxzxyxx

z

y

x

      (2) 

where the response can either be a translational (v) or a rotational (w) velocity, and the 
excitation force can be either a rectilinear force (F) or a moment (M) [32].  

It should be noted that when rotational DOFs are omitted in the mobility measurement, 
only 25 % of the mobility matrix is described. To demonstrate the consequence of neglecting 
rotational mobilities, a 2-DOF mechanical system (one translation and one rotation) is 
considered for simplicity. The blocked impedance for the 2-DOF case is calculated from 
equation (1) as the inverse of the mobility matrix and is given by:  

xxxxxxxx

x

xxxx

x

xxxx

xx

x

xxx

YYYY
Y

YYYY
Y

YYYY
Y

YYYY
Y

ZZ
ZZ

      (3) 

It can be seen that each impedance element depends on all mobility elements since they are 
represented in the determinant in equation (3). Neglecting rotational DOFs not only implies 
that moments are disregarded but also that the estimated blocked impedance is incorrect.  

Excitation of the hub in six DOFs 
To experimentally obtain the 6 × 6 mobility matrix, excitations in translational DOFs and 
rotational DOFs are needed. Translational mobilities are usually easy to measure. Rotational 
mobilities, however, are often omitted due to factors such as measurement difficulties, 
complexity, time, and costs. A problem when measuring rotational DOFs is the difficulty in 
obtaining a pure moment excitation, which means that no net force is applied to the 
structure [34, 35]. One method where both forces and moments can be used simultaneously 
in a single measurement to measure the mechanical mobility is the multiple-input multiple-
output (MIMO) technique [36-38]. The MIMO technique has been validated on a simple 
beam structure in two DOFs [36]. However, the MIMO technique has not been applied to 
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measure 6 × 6 mobility matrices for complex structures. For the auralization model, a 6-
DOF excitation and measurement setup of the hub is required to experimentally obtain the 6 
× 6 mobility matrix. The full mobility matrix can be inverted into blocked impedance to 
describe the boundary condition as a flexible coupling of a wheel in models based on lumped 
mass, stiffness and damping elements. Further, in order to couple hub forces and moments 
with the structure of the car, a 6-DOF excitation and measurement setup is needed to 
measure the transfer path from the hub to the ears of the driver/passengers in the car.  

2.2.2 Binaural transfer functions 

Binaural technology 
For realistic reproduction and auralization of tire noise, the sound pressure at the eardrum of 
the listener need to be reproduced or synthesized. A way to create such recordings, 
reproductions and auralizations is to use binaural technology. Binaural technology is defined 
by Blauert [39] as: “Binaural technology is a body of methods that involves the acoustic input 
signals to both ears of the listener for achieving particular purposes, for example, by 
recording, analyzing, synthesizing, processing, presenting, and evaluating such signals”. 
Binaural recordings can be made with in-ear microphones, binaural microphone headsets or 
artificial heads. In-ear microphones are positioned in the ear canal. In the binaural 
microphone headset microphones are positioned at, or just outside the entrance of the ear 
canals of the listener. In-ear microphones or binaural headset can be a suitable in applications 
where person is positioned during the measurement, e.g. the driver when recording 
operational interior tire noise.   The artificial head is a manikin of a head and torso where a 
microphone is positioned at each ear. Artificial head recordings is the most commonly used 
binaural recording method and is convenient in applications where a person does not have to 
occupy the measurement position. Even though today’s artificial heads are of high quality, no 
artificial head recordings gives better localization performance in listening test than the 
recordings using subjects’ own ears [40]. There is always some loss of acoustical cues and 
spatial information that results in a deterioration which leads to worse source localization [40, 
41] and separation of sources from reverberation and background noise. Still artificial head 
recordings are considered to give valid results when used in listening tests for sound quality 
assessments. 

When binaural recordings are reproduced, it is essential that the sound pressure signals at the 
eardrums of the listener are identical to the sound pressure signals at the ear positions during 
recording. Binaural reproduction can be made through headphones or through loudspeakers. 
In each reproduction technique, additional filtering of the signals is required. For 
reproduction through headphones, the sound is equalized [17] to compensate for the transfer 
function from the headphone to the ear drum. When binaural recordings are reproduced 
through loudspeakers, cross-talk cancellation is applied. Cross-talk cancellation is a filter 
which reproduces the signal from the left channel at the left ear, and the signal from the right 
channel at the right ear [42]. Universal guidelines for binaural recording and reproduction in 
automotive applications have been provided in [43]. 
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Measurement of binaural transfer functions 
In the auralization model, the BTFs correspond to the propagation path from the hub to the 
ears of the driver/passanger. This is schematically illustrated in Fig. 3. 

 
Fig. 3. Binaural transfer functions (H) in six degrees of freedom (translational directions x, y, z and rotational 

directions , , ) from hub forces (F) and moments (M) to each ear (pR, pL) of an artificial head. 

To determine the BTFs from the hub to each ear of the artificial head, the system is 
considered as two MISO (multiple-input single-output) systems [37, 38], as shown in Fig. 3. 
The transfer functions for each ear are expressed as: 

FpFFFp HSS            (4) 

where the matrix vector SFp represents the cross-spectral density functions from each force 
and moment to one of the ears of the artificial head. The matrix SFF corresponds to the auto 
and cross-spectral density functions between the forces and moments. HFp contains the 
transfer functions from each force and moment to one ear of the artificial head. Equation (4) 
can be expressed for the left ear as: 
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The transfer functions are then solved with: 

1
FFFpFp SSH           (6) 

All spectral quantities can either be acquired from the data acquisition system or calculated 
with post processing software.  
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2.3 Interior tire noise 
A common method to record and measure interior tire noise is to use an artificial head. As 
previously discussed, the sound is recorded binaurally and can later be reproduced using 
headphones or loudspeakers. This way the spatial information in the sound is preserved [17].  

2.3.1 Auralization 
The concept of auralization is described by Vorländer as: “auralization is the technique for 
creating audible sound files from numerical (simulation, measured, synthesized) data” [6]. In 
the auralization model, auralization of the structure-borne tire noise is created by convolving 
each DOF of the hub forces and moments with the impulse response of the corresponding 
DOF of the BTF, as shown in Fig. 3, according to: 

z

xi j
jMjpkiFipkk tMtHttFtHttp

LeftRight,k
,,j
zy, x,i

     where)()(iff)()(iff  (7) 

where pk(t) is the auralized time signal at the kth ear (right or left), ifft[HFipk](t) is the impulse 
response of the BTF in the ith translational DOF (x, y, z) for the kth ear, ifft[HMjpk](t) is the 
impulse response of the BTF in the jth rotational DOF ( , , ) for the kth ear, Fi is the 
recorded hub force in the ith direction, and Mj is the recorded hub moment in the jth 
direction.  

2.3.2 Aural assessment  
In the past, product sound design was primarily almost solely about reducing the acoustical 
energy emitted by the product [44]. Today, the product sound design process has progressed 
where measurement techniques, psychoacoustic models etc. have been developed and 
become a natural part of the automotive product development process. However, for 
evaluating the perceived product sound quality, listening test are still considered as the most 
reliable way [45]. An introduction to listening test methodology can be found in [46]. In this 
thesis, four methods for aural assessments have been used:  

1. Verbal Attribute Magnitude Estimation (VAME)  
2. Double-blind triple-stimulus with hidden reference  
3. Ranking by Elimination  
4. MUlti Stimulus test with Hidden Reference (MUSHR) 

Verbal Attribute Magnitude Estimation (VAME) 
Verbal attribute magnitude estimation is a suitable method to assess how well a sound is 
described by verbal attributes [47]. Each attribute is judged on a scale from “not at all” to 
“extremely”. VAME is similar to Osgood’s semantic differentials method where the sound is 
judge on a scale ranging from one attribute to its opposite [48]. The advantage with VAME 
over semantic differentials is that it avoids the ambiguity that may occur when two attributes 
are not exact opposites. 
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Double-blind triple-stimulus with hidden reference 
An effective method to detect small differences in reproduced sounds is through the use of a 
test called “double-blind triple-stimulus with hidden reference” [49]. The method has been 
developed by the International Telecommunication Union (ITU) and has been found to be 
sensitive, stable and accurate in detection and magnitude estimation of small impairments. It 
is a pairwise comparison method and similar to an ABX-test [50] 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”). Because differences between automotive sounds may not necessarily be perceived 
as impairments, the method may need to be slightly modified. E.g. in Paper II, subjects were 
asked to judge the difference between the stimuli instead of judging impairment as changes 
induced by displacements may not be perceived as impairments.  

For larger sets of sounds, the “double-blind triple-stimulus with hidden reference test” 
becomes time-consuming and unmanageable due to the large number of comparisons. 

Ranking by Elimination 
An efficient procedure to evaluate larger sets of sounds is to use methods based on ranking. 
Ranking procedures and especially ranking by elimination has been shown to be a faster 
approach without seeming to lack accuracy compared to a pairwise comparison method [51]. 
Ranking by elimination is based on that one subject at a time is given access to all stimuli and 
asked to find the stimulus which is considered as most extreme with respect to the assessed 
attribute (e.g. annoying). When the most extreme stimulus is identified, it is selected and 
removed. From the remaining stimuli, the procedure is repeated by removing the most 
extreme stimulus from the remaining stimuli. Eventually, only the stimulus which is 
considered as least extreme remains. Hence all stimuli have been ranked in the order they 
have been eliminated.  

A common method to analyze results from the ranking by elimination tests is to use the 
Mallows-Bradley-Terry (MBT) model [51, 52]. The MBT-model predicts the probability of 
each possible ranking. However, the number of all possible ranking combinations is the 
factorial (!) of the number of stimuli used in the test. If ranking by elimination will be used 
and the results shall be analyzed with the MBT-model, it is recommended to include no 
more than 4 or 5 stimuli in the test in order to avoid the need of large groups of subjects.  

MUlti Stimulus test with Hidden Reference (MUSHR) 
A method to evaluate medium to large impairments in reproduced sounds is through the use 
of a test called “MUlti Stimulus test with Hidden Reference and Anchor” (MUSHRA) 
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developed by ITU [45]. The method was developed for making multiple comparisons of 
audio reproductions where an unprocessed signal with full bandwidth may be used as the 
reference when the quality of processed or transmitted signals is evaluated. In the MUSHRA, 
the full bandwidth signal is used both as a known and a hidden reference. As in the “double-
blind triple-stimulus with hidden reference” test, MUSHRA is based on that the subject is 
asked to assess impairments. Again, because differences in automotive sounds may not 
necessarily be perceived as impairments, the method may need to be slightly modified where 
differences in the sounds are compared to the reference instead of impairments.  In the 
MUSHRA, anchors are used to provide an indication of how the systems under test compare 
to well-known distortions [45]. Because no conventional anchors exist for automotive 
sounds the method need to be modified into a MUlti Stimulus test with Hidden Reference 
(MUSHR). A MUSHR test was used in Paper V, where the subject was asked to judge the 
differences in the sounds compared to the reference where 0 was a very pronounced 
difference and 100 indicated no audible difference. Only the stimulus that the subject 
thought was the hidden reference stimulus was given the value 100. For all other stimuli, the 
difference from the reference was judged on a scale ranging from 0 to 99. 
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3 Summary of papers 
Each paper can be represented as one or multiple blocks in the auralization model shown in 
Fig. 2. Paper I addresses the issues of variability between nominally identical cars. This is 
fundamental knowledge when working with auralization of automotive sounds. The topic of 
variations is continued in Paper II where measurement inaccuracies due to displacements of 
the source and the receiver were studied. This represents the BTF block in the auralization 
model. Paper III corresponds to the hub forces and moments block where the mechanical 
mobility was measured in six DOFs on the hub of a car. The measurement quality was 
evaluated and confirmed that the measurement setup and excitation of hub forces and 
moments used for measuring BTFs in Paper IV were of sufficient quality. The structure-
borne part, from the operational data to the auralization block in the auralization model is 
validated in Paper IV. The model was then used in Paper V to address the question of which 
DOFs that were perceived as most and least prominent in structure-borne tire noise.  

3.1 Paper I - Examination of the variability between artificial head 
recordings made in different cars of the same brand and model 
The experiment was made as a preliminary study before the development of the auralization 
model of interior tire noise. Vibrations generated from the tire/road interaction are 
transferred into the car cabin through structure-borne and airborne paths.  The tire noise 
perceived by the listener in the car will depend on the acoustical properties of the transfer 
paths. Variations in components and in the assembling of the cars will be present which affect 
the sound propagation and thereby the noise in the cabin of the car.  This implies that 
variations in the interior noise can be perceived between nominally identical cars. When 
recording and evaluating the sound quality, additional measurement variations will be 
present. The objective of Paper I was to study the variability between artificial head 
recordings made in five nominally equal passenger cars. Tire noise was used to assess whether 
the variations between the cars should be considered as substantial when compared to typical 
variations caused by change of a single component (a set of tires) of the car. The following 
research question was raised: How large is the perceived variability between artificial head 
recordings made in nominally identical cars compared to differences caused by the use of sets 
of tires of different models?  

3.1.1 Method 
Sound stimuli for the listening test were created by binaural recording of the interior sound 
in five nominally equal cars (mid-sized estate cars of the same brand, model and production 
year, and equipped with the same interior trims). The same sets of rims and tires were used 
on all cars. All cars were less than one year old with mileage between 9500 and 20000 km. 
This was considered to be a typical first year mileage for a buyer of a new car, and hence the 
results should be representative for the spread in sound quality as experienced by owners of 
new cars. In order to minimize measurement uncertainty, all recordings were made at 
constant speed, 60 km/h, on a 70 m long straight section of a test track. The surface of the 
track was dry asphalt. During the tests the temperature varied between -15 and -5 ºC. In 



16

order to create differences in sound character two different sets of studded tires were used 
(labeled Tire 0 and Tire 1). Both sets were of the same dimension, 205/55-R16, but from 
different manufacturers. Measurements were made using a Head Acoustics HMS III artificial 
head placed in the front passenger seat. All measurements were repeated twice. The 
positioning of the artificial head was made by measuring the distance from reference points in 
the car.  

In a listening test, the subjects were asked to judge how well the sound stimuli were 
described by 4 verbal attributes, loud, sharp, rough and annoying, using a verbal attribute 
magnitude estimation method [47]. The judgments were made using a computer interface 
with scales ranging from “not at all” to “extremely”. In the analysis, the scales were divided 
into 101 sections, numbered from 0 (not at all) to 100 (extremely).  

3.1.2 Results 
The perceived differences between the sounds of the two sets of tires and the five cars were 
analyzed using ANOVA. Significant effects (p 0.05) were found for judgments of Loud and 
Annoying, see Fig. 4 and Fig. 5. Tire 0 was judged as being louder and more annoying than 
Tire 1. Significant differences in judgments of Annoying were found between the different 
specimens of the nominally identical cars. The difference between the least and the most 
annoying car was approximately three times as large as the difference between the two tires.  
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Fig. 4. Means and 95 % Tukey HSD intervals for judgments of Loud based on recordings in the 5 cars using 

both sets of tires. 
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Fig. 5. Means and 95 % Tukey HSD intervals for judgments of Annoying based on recordings in the 5 cars 

using both sets of tires. 
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3.1.3 Discussion 
It was found that variations in interior sound between different specimens of nominally equal 
cars may be larger than variations caused by the use of tires from different manufacturers. 
This was apparent for judgments of loudness and annoyance, where the differences between 
cars were between two and three times larger than the difference between the two tires. 
However, in the binaural recordings other noise sources were also present such as wind noise 
and driveline noise. Even though tire noise was assessed, these other noise sources could have 
had an effect on the judgment. The provided information still gives an indication that the 
perceived variation between different specimens of nominally identical cars may be larger 
than the variations caused by the use of tires from different manufacturers. With respect to 
the auralization model, this gives an indication that the variations in acoustical properties and 
the transfer paths (BTFs) might have a greater impact on the interior sound than different sets 
of tires. 

3.2 Paper II - Assessment of changes in automotive sounds caused by 
displacements of source and listening positions 
The topic of variations is continued in Paper II. In order to develop an auralization model of 
interior tire noise, knowledge of the required accuracy in positioning of sources and receivers 
is essential to assure that the auralizations are made under similar conditions when later used 
for comparisons in sound quality studies. One such example is when BTFs (from the source 
to the artificial head) of different cars shall be measured. The objective of Paper II was to find 
the just noticeable differences for displacements of either the source outside the car or the 
listening position in the cabin of the car. To address the frequency dependence of the transfer 
functions, two typical automotive sounds were considered, tire and engine noise. They were 
chosen since both are prominent sounds under driving conditions but have different 
characters. Typically, engine noise has more high frequency content than tire noise. The aim 
was not to make an authentic reproduction but rather to evaluate the sounds in a typical 
automotive environment. The just noticeable difference for displacements was determined 
from a listening test based on comparing recordings made at displaced positions against a 
reference position. The perceived effect of displacements was also compared against measured 
differences in the transfer functions from source to receiver with and without displacements. 
The following research question was raised: How large are the just noticeable displacements 
of a source outside the car or an artificial head inside the car for headphone reproduced 
artificial head recordings? 

3.2.1 Method 
The engine noise was recorded from the same car as for which the displacement sensitivities 
were measured. The tire noise was recorded at 75 km/h with a specially designed trailer for 
near field recording of tires. The recording was made with a studded tire on a dry asphalt 
road. The measurement setup was designed to reproduce automotive sounds through a 
loudspeaker (source) placed outside the car, and recorded with an artificial head as receiver, 
placed in the front passenger seat, see Fig. 6.  
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Fig. 6. Reference positions and displacement of source and receiver  

Displacements of the loudspeaker were made in the longitudinal-direction (heading of the 
car) and the displacements of the artificial head were made in the vertical-direction (height of 
the listener). For every position of the loudspeaker and artificial head, both the engine sound 
and tire noise were reproduced through the loudspeaker and recorded with the artificial 
head. 

The listening test compared pairs of reference stimuli (recorded at the reference positions) 
and object stimuli (recorded at the displaced positions). Only the stimulus that the subject 
thought was the reference stimulus should be given the value 100. The difference between 
the other stimulus and the reference was judged on a scale ranging from 0 to 99 where 0 = 
very pronounced and 100 = not audible.  

3.2.2 Results 
The numbers of correct identifications for each automotive sound is shown in Fig. 7 and Fig 
8. The results showed that displacements up to 1 cm were not audible. Differences caused by 
displacements larger than 2 cm were heard by almost all participants. This shows that the 
accuracy in positioning needed to avoid audible differences in artificial head recordings in a 
car compartment is 1 cm. 

 

Fig. 7. Correctly identified sound pairs for displacement of source 
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Fig. 8. Correctly identified sound pairs for displacement of receiver 

In Fig. 9 and Fig. 10 means and 95 % confidence intervals for the normalised difference 
ratings between the reference position and the displaced position are reported as functions of 
the displacement. In Fig. 9 comparisons are made between the stimuli when the source is 
displaced. No significant differences can be seen between tire noise and engine sound for 
displacements of the source. In Fig. 10 tire noise and engine sound are compared for 
displacements of the receiver. For this case the differences between the reference and the 
object stimuli were judged higher for engine sound than tire noise for displacements up to 6 
cm. Hence, engine sound seems to be more affected perceptually by displacements of the 
receiver than tire noise. This may be explained by more high frequency content in the 
engine sound. Comparing Fig. 9 and Fig. 10 shows that the perceptual change in sound 
quality was approximately the same when the receiver was displaced as when the source was 
displaced the same distance. 

 
Fig. 9. Means and 95 % confidence intervals       Fig. 10. Means and 95 % confidence intervals 

(internal s) for displacements of the source.         (internal s) for displacements of the receiver 

3.2.3 Discussion 
The recommended maximum inaccuracy in positioning of sources and receivers for binaural 
measurements in cars is 1 cm, in order to avoid audible effects. This has to be considered 
when positioning the artificial head when measuring BTFs in the auralization model so that 
auralizations are made and compared for equivalent situations and conditions. The study was 
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conducted for displacements affecting the airborne BTF but could as well have been made 
for displacements affecting the structure-borne BTF. The reason of choosing airborne BTFs 
was that both the source and the receiver could be displaced easily. The results also showed 
that tire noise was less affected perceptually by displacements of the receiver than engine 
sounds. This may be explained by the low frequency content in the tire sound. It is therefore 
more probable that structure-borne tire noise is less sensitive to displacements of the artificial 
head than the airborne tire noise. 

3.3 Paper III - Mobility measurement in six DOFs applied to the hub of a 
car
For the structure-borne tire noise, the hub of the car acts as the coupling element between 
the wheel and the suspension of the car. The hub of the car thereby acts as the access point 
in the auralization model. To fully describe the structural behavior of the hub, all six DOFs 
are needed. The objective of Paper III was to obtain the mechanical mobility matrix by an 
experimental approach based on a multiple input multiple output technique and apply it to a 
6-DOF measurement of the hub of a car. The objective was further to apply methods to 
evaluate the quality in the measurement results without requirements of simulation 
comparisons. Evaluation was made by using reciprocity, coherence functions and random 
error. The following research question was raised: What quality can be achieved for a 6-
DOF mechanical mobility measurement of a hub of a car? 

3.3.1 Method 
A station wagon (SAAB 9-3) was used as test object where the left front hub was the 
measurement object. To be able to make high quality 6-DOF mobility measurements, the 
measurement setup had to be capable of measuring all six DOFs in one set without any 
changes or alterations. Loading of the structure is then identical for both forces and moments 
which prevents inconsistencies. To provide a high repeatability and measurement accuracy, 
the setup had to be stable and rigid. Due to long measurement times and good repeatability, 
electrodynamic shakers were considered more suitable for this application compared to 
impact hammer excitation. Without tire or rim mounted on the hub, all equipment was 
attached directly to the brake disc. 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 measurement disc was designed and fabricated. With the 
specially made disc, a mount for adjusting the load of the hub/suspension was made. The 
measurement disc was made into a square-shape to fit measurement equipment along with 
creating evenly spaced excitations points. To excite moments in the self-aligning moment ( -
direction) (ISO 8855:2011 [32]), a cantilever beam had to be attached, see Fig. 11. The disc 
was milled from a steel plate and made solid and thicker compared to the original brake disc 
to increase the frequency range where the structure behaves as a rigid body. The first 
bending mode of the measurement disc was measured with an impact hammer to 2 kHz. 
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The weight of the measurement disc was approximately the same as for the original brake 
disc. 

 
Fig. 11. Square-shaped measurement disc (left) and tire axis system (right) according to ISO 8855:2011. 

The loading of the hub and front suspension was made by suspending the hub with a spring 
attached between the measurement disc and a supporting rack. Ball joints were used in both 
ends of the spring to prevent coupling between different DOFs, see Fig. 12. The 
contribution from the spring mainly affected the normal force (z-direction), see Fig. 11. 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.  

Fig. 12. Complete 6-DOF measurement setup. 

3.3.2 Results 
Impact hammer measurements detected that the first bending mode of the disc was 1789 Hz. 
The measurement disc was thereby considered as rigid below 500 Hz. The measured point 
mobilities in all six DOFs can be seen in Fig. 13 and Fig. 14. The magnitudes of the 
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translational point mobilities are approximately the same in the frequency range 150 – 500 
Hz. The magnitude of the rotational point mobilities Y  and Y  are comparable while the 
rolling direction Y  is different.  

Fig. 13. Point mobilities for translations                            Fig. 14. Point mobilities for rotations 
Yxx, Yyy and Yzz.                                                               Y , Y  and Y .

The linearity of the system and the quality in the measured mobility functions can be 
evaluated by examining the symmetry in the off-diagonal (reciprocal) elements in the 
mobility matrix. In Fig. 15 to Fig. 18 the reciprocity is viewed between translational and 
rotational mobility terms. The mobility terms chosen in Fig. 15 to Fig. 17 give the 
combination where each pair of shakers is represented twice. No excitation direction is 
thereby excluded. The quality of the other reciprocities showed similar results. Reciprocities 
involving the rotational DOF  showed a slightly lower but still acceptable quality. The 
reciprocities of the rotational DOFs that were affected by the spring suspension (  and ) are 
shown in Fig. 18.  

  Fig. 15. Reciprocity between the translational                Fig. 16. Reciprocity between the translational 
                     mobilities Yzy and Yyz.                                 mobility Yz  and the rotational mobility Y z.
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   Fig. 17. Reciprocity between the rotational               Fig. 18. Reciprocity between the rotational 
 mobilities Y  and Y .                                             mobilities Y  and Y .

The measurement quality was evaluated by estimating the multiple coherence. For each 
frequency line, the multiple coherence describes the linear dependence between all inputs 
and one output. The linear dependence is normalized so that the multiple coherence 

function satisfies the condition 1)(0 2
: finout  where the value 1 means that the entire 

output power originates from the inputs. The multiple coherence functions from all force 
inputs to each DOF can be seen in Fig. 19.  

Fig. 19. Multiple coherence from each force/moment input to the velocity response in each DOF. 

Evaluation of the results showed a good quality in reciprocity and a multiple coherence close 
to one in the frequency range 25–500 Hz. Normally, a good reciprocity can be hard to 
achieve for rotational DOFs.  

3.3.3 Discussion 
The experimental method developed to determine and measure the mechanical mobility in 
six DOFs has been shown to work well for a complex structure such as the hub of a car. The 
method and measurement setup was developed so it can be applied to measure hubs of 
different cars. This is beneficial when the interior noise of a tire design shall be evaluated on 
a selection of different cars. Evaluation of the results showed good measurement quality in 
terms of reciprocity and multiple coherence in the frequency range of 25–500 Hz. With 
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good measurement quality, especially for rotational DOFs the mobility matrix can be 
implemented to update the boundary condition in an FE model of tire and rim. Further, a 
validated measurement setup is required in order to measure high quality BTFs from the hub 
to the artificial head, in Paper IV.  

3.4 Paper IV – An auralization model for structure-borne tire noise 
The objective of Paper IV was to validate the structure-borne tire noise auralization model. 
The validation was based on operationally measured hub forces and moments in six DOFs by 
comparison with artificial head recordings made under the same conditions. The reason for 
comparing auralizations with artificial head recordings was that this gave a reference to a 
technique commonly considered to give valid results when used in listening tests for sound 
quality assessments. By using the same experimental setup for recordings and for 
measurements of BTFs, the contribution from the setup affected auralizations and recordings 
equally. However, additional discrepancies will be present in the auralizations due to e.g. 
errors in the BTFs caused by nonlinearities. The criteria for considering the auralization to be 
valid was that listening tests of annoyance for interior tire noise would result in the same 
ranking of different models of tires, irrespective of whether the test was based on 
auralizations or recordings.  

3.4.1 Method 
In order to validate the auralization model and to create auralizations comparable to artificial 
head recordings, the same hub forces and measurement setup had to be used for both the 
binaural recordings and for measuring the BTFs used for creating auralizations. To find if 
different tires would be ranked equally regardless of whether listening tests were based on 
recordings or auralizations, various tire types (summer and winter tires) made by different 
manufacturers and measured at 50 km/h and 70 km/h were included, see Table 1.  

 Table 1. List of recorded tires.   

Index Description
SW1 Studded Winter Tire
SW2 Studded Winter Tire
SW3 Studded Winter Tire
SW4 Studded Winter Tire
SW5 Studded Winter Tire
RS1 SW1 with Studs Removed
RS2 SW2 with Studs Removed
SU1 Summer Tire

 

The same measurement setup as in Paper III was used. The measured forces and moments 
were used to excite the hub of a car where the resulting tire noise was recorded with an 
artificial head in the cabin of the car. To create auralizations under the same condition as 
recordings, the same hub forces used for recordings were filtered through measured BTFs 
from the same hub of the car to an artificial head in the cabin of the car. In this case, both 
the same force signals and the same measurement setup were used, which allowed a direct 
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comparison. The schematic illustration of the experiment can be seen in Fig. 20. The 
auralization model was considered to be valid if the eight different tires would be ranked 
equally in a listening test regardless of whether the test was based on auralizations or 
recordings. 

Fig. 20. A schematic view of the comparison between recordings and auralizations made under the same 
conditions.

The listening test was based on ranking by elimination. Ranking by elimination is based on 
that one subject at a time is given access to all stimuli and asked to find the stimulus which is 
considered as most extreme with respect to the assessed attribute (e.g. annoying). When the 
most extreme stimulus is identified, it is selected and removed. From the remaining stimuli, 
the procedure is repeated by removing the most extreme stimulus from the remaining 
stimuli. Eventually, only the stimulus which is considered as least extreme remains. Hence all 
stimuli have been ranked in the order they have been eliminated. In this study annoyance 
was assessed. The listening test consisted of four trials with eight stimuli each. In each trial, all 
of the stimuli were either object stimuli (auralizations) or reference stimuli (recordings) at the 
same speed.  

3.4.2 Results 
The median ranking order was obtained from the listening test result for both recordings and 
auralizations. Each subject ranked the stimuli in each trial, where the most annoying sound 
was given rank 1 and the least annoying sound was given rank 8. The median ranking order 
for the recordings was considered as the reference order, which should be replicated by the 
listening test based on auralizations in order to consider the auralization model to be valid. 
The Jonkheere-Terpstra’s test revealed that the trend in the data from listening tests based on 
auralizations followed the median ranking order found in listening tests based on recordings, 
both at 50 km/h and 70 km/h. The data is presented as box-plots with notches in Fig. 21 
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(50km/h) and Fig. 22 (70 km/h). Tires are ordered after their median value of the 
recordings, from most (rank 1) to least (rank 8) annoying. In cases where the median values 
are identical, the order is arranged after their average value.  

 
Fig. 21. Box-and-whisker plots of the median ranking order from the listening test for recordings and 

auralizations at 50 km/h. The median is marked as a horizontal line within the box, and the length of the box 
is the sample interquartile range. The average value is shown as a plus sign. Outliers that are more than 1.5 
times the length of the box are marked as a square. Extreme values that are more than 3 times the length of 

the box are marked as a square with a plus sign. Notches indicate of the potential sampling error in the 
median. 

 
Fig. 22. Box-and- whisker plots of the median ranking order from the listening test for recordings and 

auralizations at 70 km/h. The median is marked as a horizontal line within the box, and the length of the box 
is the sample interquartile range. The average value is shown as a plus sign. Outliers that are more than 1.5 
times the length of the box are marked as a square. Extreme values that are more than 3 times the length of 

the box are marked as a square with a plus sign. Notches indicate of the potential sampling error in the 
median. 

When comparing rankings from recordings and auralizations tire by tire, the notches 
between each pair overlap except for SW4 and RS1 at 50 km/h.  Therefore, there were no 
significant differences between ranking based on recordings and auralizations, except for tires 
assessed to be very similar, both at 50 km/h and 70 km/h. This, together with the significant 
trend in the data, validates that the use of auralizations for ranking of structure-borne tire 
sounds gives results which comply with listening tests based on recordings.  
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3.4.3 Discussion 
The auralization model was considered as valid since ranking of tires with respect to 
annoyance of interior sounds based on auralizations showed good agreement with ranking 
based on artificial head recordings. This implies that the measurement setup is only needed 
for measuring the BTFs. Hub forces and moments can be directly filtered through the 
measured BTFs. In that way the exact measured hub forces and moments can be used to 
create auralization without any quality loss from the measurement setup. 

3.5 Paper V – Prominence of different directions of hub forces and 
moments in structure-borne tire noise 
The structure-borne part of the auralization model has the benefit that the tire noise 
contribution from each DOF can be separated and listens to individually. The aim of this 
study was to investigate how different DOFs of hub forces and moments affect perceived tire 
noise in the cabin of a car. An auralization containing all six DOFs was compared with 
auralizations containing all but one DOF in a listening test to determine which DOFs are 
perceived as the most and least prominent in structure-borne interior tire noise. In addition, 
auralizations lacking either all translational or all rotational DOFs were compared to the 
auralization containing all six DOFs in order to determine how large the perceived effects are 
when all translational or all rotational DOFs are omitted. The following research question 
was raised: Which directions of hub forces and moments are perceived as most and least 
prominent in structure-borne interior tire noise? 

3.5.1 Method 
Operational hub forces and moments were recorded in six DOFs during operational 
conditions. Auralizations were created by filtering the recorded hub forces through binaural 
transfer functions (BTFs) measured from the hub to an artificial head in the car. The 
auralizations lacking one or more DOFs were compared against the auralization including all 
six DOFs in a listening test, see Table 2. A schematic illustration of the experiment can be 
seen in Fig. 23. 

 Table 2: List of stimuli   
Stimuli DOFs included Description

Reference stimulus XYZ All DOFs
Object stimuli YZ Missing X DOF
Object stimuli XZ Missing Y DOF
Object stimuli XY Missing Z DOF
Object stimuli XYZ Missing DOF
Object stimuli XYZ Missing DOF
Object stimuli XYZ Missing DOF
Object stimuli XYZ Only translational DOFs
Object stimuli Only rotational DOFs



28

Fig. 23. Schematic illustration of the experiment to produce and evaluate auralizations of structure-borne tire 
noise. 

The analysis of the listening test results started with finding how many of the subjects who 
could identify the hidden reference stimulus (all six DOFs) from the object stimuli (lacking 
DOFs). This gave an indication how similarly the stimuli were perceived. A repeated 
measures ANOVA was conducted to find if auralizations containing different DOFs are 
perceived differently. In order to find which object stimuli that were significantly different 
from the reference stimulus, eight a priori contrasts were defined as the differences between 
each of the object stimuli and the reference stimulus. Since a priori contrasts are defined 
before the data is collected, the test becomes more powerful than post hoc pairwise 
comparisons.  However, the defined a priori contrasts do not test for differences between 
object stimuli. In order to find possible differences between stimuli lacking one or more 
DOFs, a full pairwise post hoc test was conducted.  

3.5.2 Results 
Results from listening test showed that 14 of 26 subjects could identify the stimulus including 
all six DOFs from stimuli lacking DOFs, see Table 3.  

Table 3: Number of times each stimulus was judged as being the reference stimulus.
DOFs included XYZ YZ XZ XY XYZ XYZ XYZ XYZ

Number of times each
stimulus was judged as 14 2 1 2 0 3 4 0 0

being the reference stimulus.

Thereby, all subjects did not identify the reference stimulus. However, the object stimuli 
were still different enough from the reference stimulus that most subjects could identify it. 
To visualize the listening test data, a boxplot of the preference data from the listening test is 
shown in Fig. 24.  
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Fig. 24. Box-and-whisker plots of the similarity ratings from the listening test for the reference stimulus (all 

six degrees of freedom, DOF) and the object stimuli (missing one or more DOFs). The median is marked as a 
horizontal line within the box, and the length of the box is the sample interquartile range. The average value 

is shown as a plus sign. Outliers that are more than 1.5 times the length of the box are marked as a square. 
Extreme values that are more than 3 times the length of the box are marked as a square with a plus sign. 

The test of a priori contrasts showed that removing either only the normal force (Fz) or only 
the aligning moment (M ) did not give audible differences in interior sound, and thereby 
they were considered as the least prominent directions. The test of post hoc contrasts showed 
that the overturning moment (M ) was perceived as the most prominent direction. 
Removing the overturning moment from all six DOFs was perceived equally as removing all 
rotational DOFs, i.e. listening to only translational DOFs. In addition, it was found that 
removing all rotational DOFs resulted in larger audible differences than removing all 
translational DOFs. Therefore, rotational DOFs should not be disregarded in tire noise 
auralization. Further, the results give guidance on which DOFs that are most important to 
consider in tire and vehicle sound design.  

3.5.3 Discussion 
In Paper V it was shown how the auralization model can be used to find how different 
DOFs of hub forces and moments affect perceived tire noise in the cabin of a car. This can 
be a great tool in the development process of car and tire developers since weak spots can be 
detected and the products be improved in the directions prone to showing weakness. 
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4 Discussion and conclusions 
An auralization model of structure-borne interior tire noise has been developed and 
validated. In order to develop the model several issues were considered in order to create 
authentic auralizations of structure-borne interior noise.  

In Paper I it was found that variations in interior sound between different specimens of 
nominally equal cars may be larger than variations caused by the use of tires of different 
design. This was apparent for judgments of loudness and annoyance, where the differences 
between cars were between two and three times larger than the difference between the two 
tires. It is of great importance to be aware of such variations, especially if the number of 
stimuli is limited.  

In Paper II the results showed that artificial head recordings and measurements of binaural 
transmissibility functions are affected by small displacements of both the source and the 
receiver. In this study, the just noticeable displacement was between 1 and 2 cm for 
displacements of a source outside a car or a receiver inside the car. The results of this study 
cannot be generalized for all kinds of sounds, source positions and receiver positions but since 
two typical automotive sounds were used (tire noise and engine sound) and the 
measurements were made in a car cabin they may serve as guidelines for binaural 
measurements made on cars. Based on this study, the recommended maximum inaccuracy in 
positioning of sources and receivers for binaural measurements on cars is 1 cm in order to 
avoid audible effects.  

The difference ratings showed, as expected, that larger displacements lead to larger perceived 
differences in sound quality. They also showed that engine sounds were more affected 
perceptually by displacements than tire sounds. This may be explained by the high frequency 
content in the engine sounds. This kind of sounds therefore require higher precision in the 
placements of sources and receivers compared to sounds with less high frequency content, 
like the tire sound used in this study. Displacements caused changes in sound character that 
must be considered in order to draw correct conclusions from sound quality analyses based 
on artificial head recordings and binaural transmissibility function measurements. These 
perceptual differences could not be determined from measurements of binaural 
transmissibility functions, but could be assessed using the proposed listening test method. 

In Paper III, the mechanical mobility was measured in six DOFs for a complex mechanical 
structure. Evaluation of the results showed good measurement quality in terms of reciprocity 
and multiple coherence in the frequency range of 25–500 Hz. As a rule of thumb, the 
random errors in the gain-factor estimates should be below 0.2 [38], which were not the 
obtained. To obtain a smaller random error, the number of averages should be increased. 
The magnitudes of the translational point mobilities were approximately the same in the 
frequency range of 150–500 Hz. The magnitudes of the rotational point mobilities Y  and 
Y  were comparable to each other, while Y  had a higher magnitude for frequencies below 
200 Hz. This implies that the direction that has the highest force or moment input excitation 
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will be the DOF that will yield the highest vibratory response. Therefore, for a wheel hub of 
a car, rotational DOFs cannot be omitted if the input moments are not known to be 
negligible in comparison to the translational forces.  

The experimental method developed here to determine and measure mechanical mobility in 
six DOFs has been shown to work well even for a complex structure such as the hub of a 
car. This method can be implemented in a variety of applications where the mechanical 
mobility is needed. 

Paper IV introduced an auralization model for interior structure-borne tire noise where 
operationally measured hub forces were filtered through measured BTFs from the hub of the 
car to an artificial head in the cabin of the car. The auralization model was validated by 
comparing auralizations of structure-borne tire noise against artificial head recordings made 
under the same conditions in a ranking by elimination listening test. Ranking of tires with 
respect to annoyance of interior tire sounds based on auralizations showed good agreement 
with ranking based on artificial head recordings. Jonkheere-Terpstra’s test revealed that the 
trend in the data from listening tests based on auralizations followed the median ranking 
order found in listening tests based on recordings, both at 50 km/h and 70 km/h. When 
comparing rankings from recordings and auralizations tire by tire, two pairs of tires were 
found to be significantly different at 50km/h while no significant differences were found at 
70 km/h. The conclusion was that the use of auralizations for ranking of structure-borne tire 
sounds gave results which complied with listening tests based on recordings, and thereby the 
auralization model was considered as valid. The difficulty of showing differences between 
recordings and auralizations using frequency spectra was demonstrated. This pinpoint the 
importance of validation of auralization methods by aural assessments, and the procedure 
demonstrated here is one way to efficiently make this validation. 

In Paper V it was investigated how different DOFs of hub forces and moments affected the 
perceived structure-borne tire noise in the cabin of a car. An auralization including all six 
DOFs was compared against auralizations lacking one or more DOFs in a listening test. 
Results from the listening test showed that 14 of 26 subjects could identify the stimulus 
including all six DOFs from stimuli lacking one or more DOFs. When one DOF was 
removed, the audible differences became large enough for most subjects to perceive, but the 
differences were still not large enough for everyone to hear. It was found that removing 
either only the normal force (Fz) or only the aligning moment (M ) did not cause audible 
differences in interior sound. Therefore, these were considered to be the least prominent 
directions. The overturning moment (M ) was perceived as the most prominent direction. 
Removing the overturning moment from all six DOFs was perceived the same as removing 
all rotational DOFs (i.e. only listening to the translational DOFs). In addition, it was found 
that removing all rotational DOFs resulted in larger audible differences than removing all 
translational DOFs. Therefore, rotational DOFs should not be disregarded in tire noise 
auralization. The results presented here suggest which DOFs are most important to consider 
in tire and vehicle sound design. 
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5 Future work
In order to reduce interior noise, in-depth knowledge in tire construction, sound generation 
mechanisms and the acoustic properties of the car is essential. The auralization model 
presented in this thesis is a method which can be used and incorporated in the development 
process for both tire and car manufacturers. Further development and improvement can be 
done in the auralization model. To represent the structural tire noise contribution of a 
complete car, BTFs from each hub to an artificial head should be included. At least, BTFs 
measured from both a front and a rear hub should be included. The same methodology and 
measurement setup as presented in Paper IV and Paper V can be used to measure BTFs from 
the rear hub to the artificial head. Depending on the car model, practical issues might 
however occur, such as mounting of the spring and supporting rack. For the auralization 
model to be more useful for tire manufacturers developing products for the aftermarket, the 
model has to include BTFs from several different categories of cars. This is to prevent sub-
optimization caused by using auralizations from a single car. A similar situation applies to the 
car manufacturers, hub force recordings from different aftermarket tires are needed in order 
to predict the interior tire noise for more than the original tire mounted on new cars. Or the 
model can be used to recommend tires to a specific car.  

In paper V, operational hub forces and moments were recorded on a different car than the 
BTFs were measured. This not the optimal solution because boundary conditions of hubs 
differs between cars. Further research is needed to find the variation of hub forces and 
moments between both nominally identical and different cars. If hub forces and moments 
would be sufficiently similar regardless of which car was used, this would imply that hub 
forces and moments would only need to be measured on one single car. This would ease the 
procedure of recording hub forces and moments of different tires.  

In the measurement setup used in Paper III – V, a spring with a supporting rack was used to 
load the hub of the car. The loading of the hub was considered as equivalent to the static 
loading with a wheel mounted. Efforts were made to prevent coupling between different 
DOFs, and the resonance frequency of the spring was chosen below the measurement range 
of interest to obtain a free-free condition when measuring the mechanical mobility and 
BTFs. Further research is needed to determine the coupling to other DOFs and the 
contribution of the spring. The 6-DOF mechanical mobility in Paper III should be 
implemented in an FE-model (of a tire and rim) to describe the boundary condition for the 
rim. Simulations with the boundary conditions updated should be done for a rolling tire to 
obtain the hub forces and moments. It would be interesting to see which advances that could 
be gained by using simulated hub forces and moments filtered through the BTFs. This would 
give an indication on how suitable the auralization model would be in an early development 
stage.  

For the model to correspond to the complete tire noise in the car cabin, the airborne 
contribution is necessary. Since the airborne tire noise radiates in complex paths, new 
methodology needs to be developed. The airborne measurement method must also be 
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applicable during operational conditions and performed at the same time as the structure-
borne measurement. Such a future model is illustrated in Fig. 25. 

 
Fig. 25. Auralization model of airborne and structure-borne interior tire noise.  
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ABSTRACT
Artificial heads are commonly used for the recording of samples intended for sound quality 
evaluations. When results from listening tests and psychoacoustic analyses shall be compared it 
is important to be aware of the variability between measurements made under similar conditions. 
To study this kind of variability, the interior sounds of five passenger cars of the same brand, 
model and production year were recorded binaurally. The recordings were made using two 
different artificial heads (Head Acoustics HMS I and HMS III) and a binaural microphone 
headset (Head Acoustics BHM). The recordings were made at constant speed on a test track with 
controlled surface roughness. Based on the recordings loudness, sharpness, roughness and 
annoyance were judged in a listening test. The results show how the sound quality can be 
expected to vary between specimen of cars of the same brand and model. This observed 
variability was compared to the accuracy of the three different binaural microphones used. 

a Email address: arne.nykanen@ltu.se 
b Email address: roger.johnsson@ltu.se 
c Email address: magnus.lofdahl@ltu.se 

1. INTRODUCTION 
The use of artificial head recordings has become a standard method for sound quality evaluations 
within the automotive industry1. While played through headphones true to life reproductions are 
achieved. Sound quality is commonly assessed through listening tests based on the artificial head 
recordings. Such tests become very extensive if large amounts of samples are to be examined. 
Therefore, the number of samples is often limited. To avoid drawing too extensive conclusions 
from a limited set of samples it is important to be aware of the expected variability between 
measurements made under similar conditions. Some studies on acoustic response variability in 
cars have shown large variations among nominally equal cars2-4. However, it is difficult to draw 
conclusions on the variability in perceived sound quality based on such measurements. The main 
objective of this study was to study the variability between artificial head recordings made in 
five nominally equal passenger cars. Tyre sound was used as a case to assess whether the 
variations between the cars should be considered as substantial when compared to typical 
variations caused by a single component of the car. In addition, the listening tests were repeated 



using recordings made with three different binaural microphones. The objective of this addition 
was to examine whether differences between nominally equal cars are better detected with some 
of the binaural microphones. 

2. METHOD 
A. Recording of sound stimuli 
Sound stimuli for listening tests were created by binaural recording of interior sound in five 
nominally equal cars (mid-sized estate cars of the same brand, model and production year, and 
equipped with the same interior trims). The same sets of rims and tyres were used on all cars. 
From now on the cars are labeled Car 1 to 5. All cars were less than one year old with mileage 
between 9500 and 20000 km. This was considered to be a typical first year mileage for a buyer 
of a new car, and hence the results should be representative of the spread in sound quality as 
experienced by owners of new cars. In order to minimize measurement uncertainty, all 
recordings were made at constant speed, 60 km/h, on a 70 m long straight section of a test track. 
The surface of the track was dry asphalt. During the tests the temperature varied between -15 and 
-5 ºC. The test sounds were recorded as a part of a study on winter tyre sounds. Therefore, 
studded winter tyres were used. In order to create differences in sound character two different 
sets of tyres were used (from now on labeled Tyre 0 and Tyre 1). Both were of the same 
dimension, 205/55-16, but from different manufacturers. All measurements were made using a 
Head Acoustics HMS III artificial head. In addition, recordings with Tyre 0 were repeated using 
a Head Acoustics HMS I artificial head and a Head Acoustics BHM binaural microphone 
headset. The artificial heads were placed in the front passenger seat. The binaural microphone 
headset was worn by the driver. Data acquisition was made using a Brül & Kjær frontend (Type 
3032A) and Brül & Kjær Pulse software. All measurements were repeated twice. A summary of 
the set of recorded stimuli is found in Table 1. 

Table 1:  The recorded stimuli. 

Binaural microphone HMS III artificial head HMS I artificial head BHM binaural microphone 
headset

Number of nominally 
equal cars 

5
(Car 1 to 5) 

5
(Car 1 to 5) 

5
(Car 1 to 5) 

Sets of tyres 2
(Tyre 0 and 1) 

1
(Tyre 0) 

1
(Tyre 0) 

Number of repetitions 2 2 2 
Total number of stimuli 20 10 10 

B. Reproduction of sound stimuli 
Sound stimuli were reproduced using equalized headphones (Head Acoustics HPS IV). For 
recordings made with the HMS III head, headphone equalization filters supplied by Head 
Acoustics were used. For the BHM headset and the HMS I artificial head, free field equalization 
filters designed at Luleå University of Technology were applied to the recordings. Then, the 
recordings were reproduced using the free field equalization filters supplied with the 
headphones.



C. Listening test 
In a listening test 15 subjects were asked to judge how well the sound stimuli were described by 
4 verbal attributes, loud, sharp, rough and annoying, using a verbal attribute magnitude 
estimation method5. All subjects were male and had self-reported normal hearing. The mean age 
was 26 years (SD 5 years). The judgments were made using a computer interface with scales 
ranging from “not at all” to “extremely”, see Figure 1. In the analysis, the scales were divided 
into 101 equally long sections, numbered from 0 (not at all) to 100 (extremely). The subject 
results were normalized with respect to the group mean and standard deviation. The stimuli were 
looped and played continuously at the same level as they were recorded at (approximately 78 
dBA).

Figure 1: Computer interface used for judgements in the listening test. 

3. RESULTS AND DISCUSSION 
A. Perceived differences between the two tyres and the five cars 
The perceived differences between the sounds of the 2 tyres and the 5 cars were analyzed using 
ANOVA. In these comparisons only recordings made with the Head Acoustics HMS III artificial 
head was used. Significant effects (p 0.05) were found for judgments of Loud and Annoying 
(see Table 2 and Figures 2 and 3). Tyre 0 was judged as being louder and more annoying. An 
interesting observation is that there are significant differences in judgments of Annoying 
between the different specimens of the nominally equal cars. The difference between the least 
and the most annoying car is three times as large as the difference between the two tyres. No 
second order interaction effects were observed. 



Table 2:  ANOVA for the dependent variables Loud and Annoying with the factors Car (5 levels) and Tyre (2 
levels) based on recordings with the HMS III artificial head. 

Analysis of Variance for Loud – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Car 882.4 4 220.6 1.58 0.1803 
B: Tyre 1420.7 1 1420.7 10.16 0.0016 
Interactions
AB 323.0 4 80.7 0.58 0.6792 
Residual 40550.9 290 139.8   
Total (corrected) 43176.9 299    

Analysis of Variance for Annoying – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Car 2358.1 4 589.5 2.73 0.0294 
B: Tyre 843.9 1 843.9 3.91 0.0490 
Interactions
AB 1505.6 4 376.4 1.74 0.1404 
Residual 62599.0 290 215.9   
Total (corrected) 67306.5 299    
All F-ratios are based on the residual mean square error. 
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Figure 2: Means and 95 % Tukey HSD intervals for judgments of Loud based on recordings in the 5 cars using both 
sets of tyres. Only recordings made with the HMS III artificial head are included. 
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Figure 3: Means and 95 % Tukey HSD intervals for judgments of Annoying based on recordings in the 5 cars both 
sets of tyres. Only recordings made with the HMS III artificial head are included. 

B. Perceived differences between recordings made with the different binaural 
microphones

ANOVA was used to analyze the perceived differences between recordings made using the three 
different binaural microphones (Head Acoustics BHM, HMS I and HMS III). Recordings from 
all five cars fitted with Tyre 0 were used. The effects of two factors, Car (5 levels, Car 1 to 5) 



and Mic (3 levels: BHM, HMS I and HMS III) were analyzed. Second order interactions were 
included. It was hypothesized that if interaction effects occur, the choice of microphone could 
influence the results. No such interactions were found (see Table 3). From Figure 4 it is obvious 
that the results are depending on which microphone that is used. Different microphones give 
different loudness ratings. Since sharpness, roughness and annoyance are influenced by 
loudness6,7,8, the differences in ratings of these attributes may be explained as an effect of 
different loudness levels. This could be corrected by appropriate modifications of the 
microphone equalizations. Since no interactions were found between Mic and Car, more reliable 
conclusions on the variability between the five nominally equal cars may be drawn by merging 
the data collected with all three microphone setups. This results in 6 repetitions for each car (2 
repetitions for each microphone). Significant differences (p 0.05) between the cars are found for 
the variables Loud and Rough. The difference in judged loudness between the loudest and 
quietest car is twice as large as the differences in judged loudness between the two tyres 
(compare Figures 2 and 5). The outdoor temperature may affect the interior sound of the car. 
However, the temperature was quite stable during the tests (from -15 to -5 ºC). The recordings of 
the six repetitions with one car were made during approximately 3 h. Since the lowest 
temperatures were found in mornings and evenings, there was a spread in temperatures between 
repetitions of each car. Further studies are required to guarantee that outdoor temperature does 
not influence the results. 

Table 3:  ANOVA for the dependent variables Loud, Sharp, Rough and Annoying with factors Car (5 levels) and 
Mic (3 levels: BHM, HMS I and HMS III). 

Analysis of Variance for Loud – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Mic 75599.9 2 37800.0 241.1 0.0000 
B: Car 3939.6 4 984.9 6.28 0.0001 
Interactions
AB 1669.8 8 208.7 1.33 0.2258 
Residual 68202.5 435 156.8   
Total (corrected) 149412.0 449    

Analysis of Variance for Sharp – Type III Sums of Squares 
Source SS Df MS F-Ratio P-Value 
Main Effects 
A: Mic 28613.3 2 14306.7 47.70 0.0000 
B: Car 1589.7 4 397.4 1.33 0.2597 
Interactions
AB 3690.1 8 461.3 1.54 0.1418 
Residual 130474.0 435 299.9   
Total (corrected) 164368.0 449    

Analysis of Variance for Rough – Type III Sums of Squares
Source SS Df MS F-Ratio P-Value
Main Effects 
A: Mic 23439.8 2 11719.9 40.91 0.0000 
B: Car 3133.8 4 783.4 2.73 0.0286 
Interactions      
AB 2487.0 8 310.9 1.09 0.3723 
Residual 124622.0 435 286.5   
Total (corrected) 153682.0 449    

Analysis of Variance for Annoying – Type III Sums of Squares
Source SS Df MS F-Ratio P-Value 
Main Effects      
A: Mic 78483.1 2 39241.5 154.85 0.0000 
B: Car 1592.0 4 398.0 1.57 0.1811 
Interactions      
AB 2958.9 8 369.9 1.46 0.1699 
Residual 110239.0 435 253.423   
Total (corrected) 193273.0 449    
All F-ratios are based on the residual mean square error. 



Figure 4: Means and 95 % Tukey HSD intervals for judgments of Loud based on recordings in the 5 cars using Tyre 
0 for comparison of results based on the three different binaural microphones used. 
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Figure 5: Means and 95 % Tukey HSD intervals for judgments of Loud and Rough based on recordings in the 5 
cars using Tyre 0. Two repetitions using each of the 3 binaural microphones were made, in total 6 repetitions. 

4. CONCLUSIONS 
It was found that variations in interior sound between different specimens of nominally equal 
cars may be larger than variations caused by the use of tyres of different design. This was 
apparent for judgments of loudness and annoyance, where the differences between cars were 
between two and three times larger than the difference between the two tyres. It is of great 
importance to be aware of such variations, especially if the number of stimuli is limited. 
Recording of all stimuli using a single car should be avoided.

There were significant differences in judgments depending on which binaural microphone 
that was used. Changes in equalization would probably correct for this. Since no interaction 
effects were found between used microphone and studied car, the conclusion was that all of the 
three binaural microphones should perform well as long as they are properly equalized.
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Artificial head recordings are commonly used to measure and evaluate sound
quality. In sound quality assessments, spatial qualities are crucial both for
correct localization and separation of sources. Changes in locations of the
source and/or the receiver will alter the character of the sound since the binaural
transfer functions will alter. However, in complex environments (i.e. not free
field conditions) such as a car compartment, the required accuracy in positioning
of sources and receivers cannot be drawn from previous studies of localization
blur. Therefore, examples of automotive sounds were reproduced through a
loudspeaker in a source position outside a car and recorded with an artificial
head inside the car. Changes in perceived sound character caused by displace-
ments of either the source or the receiver position were studied through a lis-
tening test. Just noticeable displacements were determined and perceived
differences compared to a reference position were rated. In addition, binaural
transmissibility functions of airborne sounds were measured and compared
with the listening test results. The results showed that artificial head recordings
and measurements of binaural transmissibility functions were affected by small
displacements in location of both the source and the receiver. However, it was
hard to assess perceived differences from measured binaural transmissibility
functions. This highlights the importance of performing listening tests. Based
on this study, the recommended maximum inaccuracy in positioning of sources
and receivers for binaural measurements in cars is 1 cm, in order to avoid audible
effects. © 2012 Institute of Noise Control Engineering.

Primary subject classification: 61.7; Secondary subject classification: 63.7

1 INTRODUCTION

Binaural recordings and reproductions have become
a standard procedure in sound quality evaluations. A
common and convenient method is to use artificial
heads to binaurally record the sound pressure in the
ears. Most of the spatial information is preserved and
the sounds can later be reproduced at their original level
in the ears of a listener2. In sound quality assessments,

the spatial qualities are crucial both for correct localiza-
tion of sources, and for separation of sources from rever-
beration and background noise3,4. The perceived
localization is determined by a number of acoustical
cues such as interaural time differences (ITD), interaural
level differences (ILD) and spectral cues provided by
pinna filtering. Results from experiments reveal that
four factors influence the relative salience of these cues:
a priori knowledge of stimulus characteristics, source
frequency content, the reliability and plausibility of
the cues and the consistency of the cues across the
frequency spectrum5. Depending on stimulus used
and frequency range of the stimulus, the least audible
differences for ITD vary from 9 to 62 ms6 and the least
audible differences for ILD vary between 0.6 and 2 dB7.
In a real situation where the binaural technique is used,
imperfections exist in these cues which cause a locali-
zation blur. The localization blur describes the smallest
possible change of position of the sound source that
causes a just noticeable change of perceived position.

1 This paper is a revised version of one presented at
InterNoise091.
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In a real life situation, the localization blur has been
shown to range between 1� and 4�, when the source
is positioned in front of a listener7. In the automotive
industry, artificial head recordings are commonly used
to measure and evaluate the interior sound quality of
cars8. The environment in the cabin of a car can be
considered as complex with reflecting and absorbing
surfaces close to the driver and passengers. Effects of
displacements can therefore be assumed to be in-
creased compared to a diffuse environment. However,
it can also be argued that the environment in the cabin
creates a diffuse sound field where displacements are
less crucial.

The noise in the cabin of the car is the sum of multi-
ple noise sources filtered through transfer functions.
The noise contribution from each source depends both
on the source characteristics and the properties of its
airborne and structure borne transfer functions.
Changes in locations of sources or receivers cause
changes in the transfer functions which can result in a
differently perceived noise in the cabin of the car.
Therefore, required accuracy in positioning of sources
and receivers in a car compartment cannot be drawn
from previous studies on localization blur. In this study
the required precision in positioning of sources and
receivers in a typical automotive environment was
studied.

Some studies have been done to assess the variability
in the acoustical response of interior sound between
nominally identical cars9–11. None of these studies have
assessed the required precision in the positioning of
sources and receivers in binaural measurements. How-
ever, some studies have been done to determine human
sensitivities to irregularities and defects in electro-
acoustical transfer functions used for sound reproduc-
tion12–15. Electro-acoustical transfer functions are com-
monly smooth compared to transfer functions typically
found in mechanical structures of for example vehicles.
The precision of transfer functions measurements has
been discussed in several papers16–20 where the results
are commonly presented as graphs. However, it is usu-
ally difficult to draw adequate conclusions on the audi-
bility of differences in transfer functions based on such
graphs. Since, the results of transfer function measure-
ments usually have to be interpreted as effects on
sound, the understanding of the audibility of alteration
of transfer functions is essential. The audible effect of
changes in frequency resolution of binaural transfer
functions used for auralizations of vehicle interior
sounds was studied by Nykänen et al.21. The auraliza-
tions were made from the transfer path of an engine
sound into the cabin of a truck. Results showed that aur-
alizations made through binaural transfer functions
(BTFs) with a resolution of 4 Hz or higher or smoothed

with maximum 1/96 octave moving average filters were
perceptually comparable to artificial head recordings.

The objective of this study was to find the just no-
ticeable differences for displacements of either the
source outside the car or the listening position in a car
compartment. To address the frequency dependence of
the transfer functions, two typical automotive sounds
were considered, tyre and engine noise. They were cho-
sen since both are prominent sounds under driving con-
ditions but have different characters. Typically, engine
sounds have more high frequency content than tyre
noise. The aim was not to make an authentic reproduc-
tion but rather to evaluate the sounds in a typical auto-
motive environment. The results of this study can
therefore not be generalized for all kinds of sounds,
source positions and receiver positions but may serve
as guidelines for binaural measurements done in a car
cabin. The just noticeable difference for displacements
was determined from a listening test based on compar-
ing recordings made at displaced positions against a
reference position. The perceived effect of displace-
ments was also compared against measured differences
in the transfer functions from source to receiver with
and without displacements.

2 METHOD

2.1 Evaluation Methodology

An effective method to detect small differences in
reproduced sounds is through the use of a test called
“double-blind triple-stimulus with hidden reference”22.
It has been developed by the International Telecommu-
nication Union and has been found to be sensitive, sta-
ble and accurate in detection and magnitude estimation
of small impairments. This method is similar to an
ABX-test23 with additional subject estimation of per-
ceived differences. One subject at a time is presented
with three stimuli (“A”, “B” and “REF”). A known ref-
erence (from now on called reference stimulus) is al-
ways stimulus “REF”. A hidden reference identical to
the reference stimulus and an object stimulus are simul-
taneously 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 changes in-
duced by displacements may not necessarily be per-
ceived as impairments. The difference was judged on
a scale ranging from 0 to 100 where 0 = very pro-
nounced and 100 = not audible. The listening test was
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controlled by the subject through a computer interface
as shown in Fig. 1. The subject assessed each displace-
ment once. 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.

2.2 Measurement Setup

The measurement setup was designed to reproduce
automotive sounds with easy adjustments of source
and receiver positions, hence not to make authentic
reproductions of the sounds. All measurements were
made at Luleå University of Technology in a semi-
anechoic room. The two automotive sounds (tyre and
engine noise) were reproduced through a loudspeaker
(source) placed outside a car, and recorded with an arti-
ficial head (Head Acoustics HMS III) as receiver, placed
in the front passenger seat (see Fig. 2). A microphone
(Brüel & Kjær 4190) was placed 5 cm in front of the
loudspeaker to measure the radiated sound.

As source reference position, the loudspeaker was
placed on the floor in the semi-anechoic room, near
the right rear wheel with a distance between the centres
of the tyre and loudspeaker of 33 cm (see Fig. 2).

Data acquisition was made with a Brüel & Kjær
PULSE system. All measurements were done on a me-
dium size station wagon. All sounds were reproduced
from a CD played through a TEAC CD-5. The signals
were fed to a crossover filter (Behringer Ultradrive

Pro) and splitted 3-ways to a power amplifier, Rotel
933. The amplifier was then connected to the loud-
speaker. To be able to reproduce the automotive sounds
at realistic sound pressure levels, a loudspeaker capable
of playing high levels in a wide frequency range was re-
quired. A loudspeaker with a compact design and
nearly half-spherical directivity was used (see Fig. 3).
It was based on a coaxial mid-range and treble element
(SEAS T18RE) on the front and a woofer unit (Peerless
269SWR) on the back. Due to the physical distance be-
tween the loudspeaker elements, compensations were
made in time when reproducing the sounds. The fre-
quency response function for the loudspeaker is shown
in Fig. 4.

2.3 Measurement of Binaural Transmissibility
Functions

Transfer functions are commonly used for analysis
and prediction of the contribution of different sources
to the sound in the compartment of vehicles16–18,20.
They are often measured reciprocally, since it is usually
simpler, faster and cheaper than direct measurements18.
Another important advantage with reciprocal measure-
ments is that the sensor (microphone) can be placed
closer to sound radiating surfaces and in smaller spaces
than a sound source (loudspeaker)19.

Despite the close distance between the microphone
and the centre of the loudspeaker cone, the measured
sound pressure is influenced by the directivity of the
loudspeaker and the surroundings. Therefore, the actual
source strength is not measured. According to the defi-
nition of standards, this implies that it is not a transfer
function that is measured but rather a transmissibility
function. A transmissibility function is defined between
two response functions while a transfer function is cal-
culated by Laplace transformation of the unit impulse
response function24. In this study direct measurements
of binaural transmissibility functions were chosen,
since this allowed the use of the same measurement

Fig. 1—User interface used in the listening
test.

Fig. 2—Measurement set up of source, receiver
and car.
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setup both for making binaural recordings of repro-
duced source sounds and measurements of the binaural
transmissibility functions. Therefore, transmissibility
functions from the microphone position to each ear of
the artificial head were measured with 1 Hz frequency
resolution using white noise. The sampling frequency
was 65.5 kHz. A Hanning window was applied to sig-
nal sections with a 50% overlap. The transmissibility
function H was estimated according to Eqn. (1),

H1 fð Þ ¼ Pxy fð Þ=Pxx fð Þ ð1Þ

where Pxy is the cross power spectral density of the in-
put x and the output y. Pxx is the power spectral density
of the input x.

2.4 Creation of Object Stimuli

The engine sound was recorded from the same car
for which the binaural transmissibility functions were
measured. The microphone (Brüel & Kjær 4190) was
placed 22 cm above the centre of the engine block.
The engine sound was recorded at 2000 rpm, in neutral
and with open hood. The tyre sound was recorded at

75 km/h with a specially designed trailer for near field
recording of tyres25. The recording was made with a
studded winter tyre on a dry asphalt road.

To achieve controlled listening conditions stationary
sounds were used, i.e. tyre sound at constant speed and
engine sound at constant engine speed. The frequency
spectrum of both sounds can be seen in Fig. 5. The vol-
ume was adjusted so that the levels of the reproduced
sounds were equivalent to their originally recorded
levels.

Two reference positions were used depending on
whether the source or the receiver was displaced. When
the source was displaced, the receiver (artificial head)
was positioned corresponding to a 180 cm tall person.
As source reference position (Reference 1), the loud-
speaker was placed near the right rear wheel. The loud-
speaker was then displaced 0.5, 1, 2, 4, 8, 16 and 32 cm
from the Reference 1 position in the longitudinal (head-
ing of the car) direction (see Fig. 6).

When the receiver was displaced, the source was po-
sitioned at Reference 1 (no displacement). The receiver
reference position (Reference 2) corresponded to a
190 cm tall person. The artificial head was then lowered

a) b) c)

Fig. 3—Loudspeaker used for direct measurements of binaural transmissibility functions and for
reproduction of the engine and tyre sounds. The size of the loudspeaker cabinet was
400� 400� 420 mm. a) woofer unit on back side. b) perspective view. c) coaxial unit on
front side.

Fig. 4—Amplitude and phase of the frequency response function of the loudspeaker used for direct
measurements of binaural transfer functions and for reproduction of engine and tyre
sounds.
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1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 cm in the vertical direction
(see Fig. 6). For every position of the loudspeaker and
artificial head, both the engine and tyre sounds were
reproduced through the loudspeaker and recorded with
the artificial head.

2.5 Listening Test

The listening test compared pairs of reference stimuli
(recorded at the reference positions) and object stimuli
(recorded at the displaced positions). Displacements of
the loudspeaker in the longitudinal direction (heading
of the car) and the artificial head in the vertical direction
were studied. The order of tests was randomised for
each subject and was preceded by a training session
which consisted of 6 pairs of sounds. The stimuli used
in the training session were randomly chosen from the
listening test. The sounds were reproduced through
equalised headphones, Head Acoustics HPS IV. The
sound level of the stimuli was 80 dBA.

A total of 20 subjects participated, 2 women and 18
men. All were volunteers. The mean age was 28 years
(standard deviation 6 years). All subjects had self-
reported normal hearing.

2.6 Analysis of the Listening Test

The analysis of the results was divided into two
parts. First, sound pairs where the object stimulus
(displaced position) could not be separated from the
reference stimulus (reference position) were identified.
This was made by comparing the number of subjects
who correctly identified the object stimulus with the
total number of subjects. The hypothesis was that the
difference between the object stimulus and the refer-
ence stimulus could be heard. The null hypothesis
was that the object stimulus sounded the same as the
reference stimulus. For a binomial distribution, 14 out
of 20 subjects needed to be correct to reject the null
hypothesis at 95% confidence level. This way, sound
pairs too similar for correct discrimination between
the object stimulus and the reference stimulus could
be identified. For the pairs where the object stimulus

was correctly identified by the group, the difference
between ratings of the reference stimulus and the object
stimulus was analyzed. Before analysis, the score differ-
ence rating were normalised with respect to the mean for
the individual subject and for the group, according to
Eqns. (2)–(4),

Zij ¼ xij
xgroup
xi

ð2Þ

xgroup ¼

Xm

i¼1

Xn

j¼1

xij
�� ��

mn
ð3Þ

xi ¼

Xn

j¼1

xij
�� ��

m
ð4Þ

where xij = score difference for subject i and sound pair
j, Zij = normalised difference for subject i and sound pair
j, xi = mean of absolute score difference for subject i
(sound pairs where the object was not successfully
identified by the group were excluded), xgroup = mean
of absolute score difference for all subjects (sound pairs
where the object was not successfully identified by
the group were excluded), m = number of subjects

Fig. 6—Reference positions and displacement
of source and receiver.

Fig. 5—Spectrum of engine and tyre sound.
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and n = number of sound pairs (excluding pairs where
the object was not successfully identified by the group).

3 RESULTS

3.1 Listening Test

In Figs. 7 and 8, the numbers of correct identifica-
tions for each sound pair are reported. The results
showed that displacements smaller than 1 cm were not
audible. Differences caused by displacements larger
than 2 cm were clearly heard by almost all participants.
This shows that the accuracy in positioning needed to

avoid audible differences in artificial head recordings
in a car compartment is between 1 and 2 cm.

In Figs. 9 through 11, means and 95% confidence
intervals for the normalised difference ratings between
the reference position and the displaced position are
reported as functions of the displacement. In Fig. 9,
comparisons are made between the stimuli when the
source is displaced and in Fig. 10 when the receiver is
displaced.

For comparison between the source and receiver dis-
placements a factorial ANOVAwas computed using the
difference rating as dependent variable and the three

Fig. 7—Correctly identified sound pairs for displacement of source.

Fig. 8—Correctly identified sound pairs for displacement of receiver.

Fig. 9—Means and 95% confidence intervals
(internal s) for displacements of the
source.

Fig. 10—Means and 95% confidence intervals
(internal s) for displacements of the
receiver.
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factors; A: Type of sound (engine or tyre), B: Displaced
component (source or receiver), and C: Displacement
(2, 4 or 8 cm). Second order interactions were included.
The results are found in Table 1. Significant main
effects were found for A: Type of Sound, F(1, 230) =
18.37, p< 0.05, o2 = 0.041, and C: Displacement,
F(2, 230) = 81.33, p< 0.05, o2 = 0.38. The engine
sound resulted in higher normalized difference ratings
than the tire sound and larger displacement gave higher
normalized difference ratings. No significant interaction
effects were found. Means and 95% confidence intervals
are shown in Fig. 11.

3.2 Binaural Transmissibility Functions

The results from the measurement of binaural trans-
missibility functions were limited to 8192 Hz. At higher
frequencies, the signal levels of the artificial head were
below the crosstalk between the channels in the mea-
surement equipment due to high transmission loss in
the car body. All functions were calculated from the mi-
crophone in front of the loudspeaker to the right ear of
the artificial head. This was because the right ear was
close to a reflecting surface which might have increased

the sensitivity to displacements due to early reflections.
The coherence function for reference position 1 (no dis-
placements) is shown in Fig. 12.

The magnitude plots in Figs. 13(a), 14(a) and 15(a)
compare the reference transmissibility function with
the displaced source transmissibility functions of 1,
2 and 32 cm. To highlight the magnitude difference
between the transmissibility functions, the differences
between the reference and displaced transmissibility
functions are plotted in Figs. 13(b), 14(b) and 15(b).
In Fig. 13, the binaural transmissibility functions with
a displacement of 1 cm are almost identical to the
transmissibility function measured for the reference
positions. The listening tests showed that this displace-
ment was inaudible. In Fig. 14, the binaural transmissi-
bility functions for a 2 cm displacement are shown.
This displacement was shown to be audible in the lis-
tening test. With larger displacements the differences
increase and become more prominent, both visually
and audibly (see Fig. 15). However it is very hard to
judge perceived differences from only visual represen-
tations. Comparing the difference plots of 1 cm (see
Fig. 13(b)), 2 cm (see Fig. 14(b)) and 32 cm (see
Fig. 15(b)) displacements of the source shows that

Fig. 11—Means and 95% confidence intervals
(internal s) for sounds and
displacements of the source and the
receiver.

Table 1—Analysis of Variance for Norm diff—Type III Sums of Squares.

Source Sum of squares Df Mean square F-ratio P-value

Main effects
A: Type of sound 2437,47 1 2437,47 18,37 0,0000
B: Displaced component 22,8728 1 22,8728 0,17 0,6784
C: Displacement 21586,0 2 10793,0 81,33 0,0000

Interactions
AB 27,9666 1 27,9666 0,21 0,6466
AC 184,266 2 92,1328 0,69 0,5005
BC 773,642 2 386,821 2,91 0,0562

Residual 30522,5 230 132,706
Total (corrected) 55554,7 239

Fig. 12—Coherence function from source to
right ear with no displacement.
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Fig. 14—Magnitude and difference of binaural transmissibility functions to the right ear caused by
2 cm displacements of the source.

Fig. 15—Magnitude and difference of binaural transmissibility functions to the right ear caused by
32 cm displacements of the source.

Fig. 16—Phase of binaural transmissibility functions to the right ear caused by 1 and 2 cm
displacements of the source.

Fig. 13—Magnitude and difference of binaural transmissibility functions to the right ear caused by
1 cm displacements of the source.
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large displacements lead to changes at lower frequen-
cies compared to small displacements.

Phase differences due to the displacements are
shown in Fig. 16. The differences in the shapes of the
phase curves for 1 and 2 cm displacements were small.
The slope was slightly changed as the time delay be-
tween the reference microphone and the receiver
changed due to the displacement.

In Figs. 17 and 18, the magnitude and difference of
binaural transmissibility functions are shown when the
receiver is displaced.

In an attempt to compare magnitude difference be-
tween displacements of the source and displacements
of the receiver, the standard deviation (SD) was calcu-
lated from the difference between the reference trans-
missibility functions and the displaced transmissibility
functions of 1, 2, 4 and 8 cm (see Fig. 19). Results
show that the SD is higher at the same displacement
of the receiver compared to the source. At 1 cm of dis-
placement of the receiver (not audible in the listening
test), the SD is close in magnitude to the 2 cm displace-
ment of the source (audible in the listening test). Since
no significant difference exists between the displace-
ment of the source and the receiver (see Table 1), the
just noticeable difference or the magnitude of the audi-
ble difference cannot be assessed from measurements
of transmissibility functions made in this study.

4 CONCLUSIONS

The results showed that artificial head recordings and
measurements of binaural transmissibility functions are
affected by small displacements of both the source and
the receiver. In this study, the just noticeable displace-
ment was between 1 and 2 cm for displacements of a
source outside a car or a receiver inside the car. The
results of this study cannot be generalized for all kinds
of sounds, source positions and receiver positions but

Fig. 18—Magnitude and difference of binaural transmissibility functions to the right ear caused by
2 cm displacements of the receiver.

Fig. 17—Magnitude and difference of binaural transmissibility functions to the right ear caused by
1 cm displacements of the receiver.

Fig. 19—Standard deviation of difference in
transmissibility functions due to
displacements of the source or
receiver.
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since two typical automotive sounds were used (tyre
sound and engine sound) and the measurements were
made in a car cabin they may serve as guidelines for
binaural measurements made on cars. Based on this
study, the recommended maximum inaccuracy in posi-
tioning of sources and receivers for binaural measure-
ments on cars is 1 cm in order to avoid audible effects.

The difference ratings showed, as expected, that
larger displacements lead to larger perceived differ-
ences in sound quality. They also showed that engine
sounds were more affected perceptually by displace-
ments than tyre sounds. This may be explained by the
high frequency content in the engine sounds. This kind
of sounds therefore require higher precision in the pla-
cements of sources and receivers compared to sounds
with less high frequency content, like the tyre sound
used in this study. Displacements caused changes in
sound character that must be considered in order to
draw correct conclusions from sound quality analyses
based on artificial head recordings and binaural trans-
missibility function measurements. These perceptual
differences could not be determined from measure-
ments of binaural transmissibility functions, but could
be assessed using the proposed listening test method.
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ABSTRACT
Complex models are usually needed to predict functional performance of mechanical 
devices such as noise and vibration levels. A typical model is divided into 
substructures where each substructure is described either as a simulation or as an 
experimental model. When coupling substructures, information is needed that 
describes the boundary conditions at the attachment points of the various 
substructures. This can be hard to achieve, especially when full structural behavior 
including rotational degrees of freedom (DOFs) are needed. The objective of this 
study was to obtain the mechanical mobility matrix in six DOFs for a wheel hub of 
car, as an example of a complex mechanical structure, through an experimental 
approach based on the multiple-input multiple-output technique. As validation of 
mobility data by comparing measurements against numerical simulation results can be 
difficult to achieve for larger and more complex structures, the quality of the 
measurement results were evaluated with methods based on reciprocity, coherence 
functions, and random error. A specially designed brake disc was fabricated for direct 
attachment of shakers and transducers. The quality of the full mechanical mobility 
matrix was evaluated using reciprocities, coherence functions, and random error in the 
gain-factor estimates. The results showed good quality in the reciprocities, and the 
multiple coherences in each degree of freedom were close to one in the frequency 
range of 25–500 Hz. The random error can be reduced by increasing the number of 
averages.
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1. INTRODUCTION 
Automotive manufacturers use hybrid models for structural dynamic analysis [1-3]. A 
typical hybrid model is divided into substructures where each part is described either 
as a numerical simulation or as an experimental model. When coupling substructures, 
information is needed to describe the boundary conditions at the attachment points of 
the substructures. Blocked impedance is used to describe such couplings in Finite 
Element techniques and in mathematical modeling of structures using lumped mass, 
stiffness, and damping elements. However, blocked impedance can be hard to 
measure in practice because it requires a grounded (blocked) structure. Instead, the 
free mobility matrix can be measured and converted into a blocked impedance matrix 
because they are the inverse of each other [4].  

When coupling substructures, models are often simplified by omitting 
information. It is often not known which degrees of freedom (DOFs) are important, 
and due to factors such as measurement difficulties, complexity, time, and costs 
rotational DOFs are often omitted [5, 6]. For example, rotational DOFs are often 
ignored in techniques such as Transfer Path Analysis (TPA) [5], Experimental Modal 
Analysis (EMA), Statistical Energy Analysis (SEA), Component Mode Synthesis 
(CMS), and Frequency response function Based Substructuring (FBS). This 
simplification results in incomplete models with varying magnitudes of errors. For a 
correct hybrid model, complete data from both calculations and measurements are 
necessary [7-9]. Studies have shown the importance of including rotational DOFs, 
especially in hybrid modeling and substructuring. Gialamas et al. showed that the only 
solution to providing all of the data necessary for a proper FRF substructuring 
calculation lies with the experimental determination of the required rotational DOF 
data [10]. Avitabile et al. showed that rotational DOFs are more sensitive to truncation 
than translational DOFs in hybrid models [11]. 

A problem when measuring rotational DOFs is the difficulty in obtaining a 
pure moment excitation, which means that no net force is applied to the structure [12, 
13]. One method where both forces and moments can be measured simultaneously in 
a single measurement is the multiple-input multiple-output (MIMO) technique [14-
16]. With a single setup, the loading of the structure is the same in all measurement 
directions and this improves the quality of the data. Excellent reciprocity is required if 
the mobility will be inverted into an impedance matrix for future use in couplings. 
The MIMO technique has been tested and validated previously on a simple beam 
structure in two DOFs [14]. As the number of DOFs increases, the complexity of 
determining the mobility of a structure also increases. By deriving a general 
expression, the procedure for determination of mobility can be simplified and fewer 
calculations will be required. 

The objective of this study was to obtain the mechanical mobility matrix in six 
DOFs for a wheel hub of car, as an example of a complex mechanical structure, 
through an experimental approach based on the MIMO technique. As validation of 
mobility data by comparing measurements against numerical simulation results can be 
difficult to achieve for larger and more complex structures, the quality of the 
measurement results were evaluated with methods based on reciprocity, coherence 
functions, and random error.  



2. THEORY 

2.1 Mobility 
A point on a structure has, in general, six DOFs consisting of three translations (in the 
x, y and z directions), and three rotations (in the ,  and  directions). The motion of 
a point in one DOF can be described by the definition of mechanical mobility: 

F
vY ntranslatio  or 

M
wYrotation  (1) 

The variable v is the complex velocity-response in any direction, and F is the complex 
excitation force in any direction. The response can either be a translational (v) or a 
rotational (w) velocity, and the excitation force can either be a rectilinear force (F) or 
a moment (M) [4]. The 6-DOF force input vector fM and velocity response vector v
can be written as: 
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The point can also be an area as long as it is rigid. The area can be considered as rigid 
if the size is small in comparison to the wavelength governing the propagation in the 
structure. This condition defines the upper frequency limit below which the theory of 
mobility is valid for an area [17]. To fully describe the structural behavior of an area, 
the interactions between all DOFs have to be taken into account. This results in a 6 × 
6 mobility matrix Y:
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Only 25% of the mobility matrix is described if the rotational DOFs are neglected, 
and this would mean that the structural behavior would not be fully described. From 
Eq. (2) and Eq. (3), the matrix vector format for the mobility in six DOFs is: 

MYfv  (4) 



From Eq. (4), a 6-DOF system is described by 6 force inputs, 6 velocity responses, 
and 36 mobility terms. Because the system is underdetermined, it cannot be 
independently solved in this instance and additional procedures are necessary.  

2.2 Moment excitation 
To create a moment without a net force, a minimum of two excitation points are 
normally required. A typical method to creating a moment is to attach a lever to a 
rigid part of a structure (Fig. 1). The lever should be rigid and light in comparison to 
the structure so that the mass loading of the structure and change in center of mass are 
minimal. 

Fig. 1. Excitation of translation and rotation using a T-lever.

When force F1 is equal to F2 with a 180° phase shift, a pure moment excitation (F = 0) 
is obtained. This condition cannot be fulfilled, however, due to factors such as mass 
loading of the measurement equipment. To overcome this, the source signal filtering 
technique can be applied [18]. Adjustments are made at each excitation frequency to 
compensate for the unwanted forces that result in erroneous translational and 
rotational velocities. This method is time consuming unless the compensation process 
can be automated.  To overcome this problem, the MIMO technique was used instead. 

2.3 MIMO system 
The MIMO technique eliminates the need for a pure moment excitation by 
simultaneously using multiple uncorrelated input signals where each input is 
represented at an excitation point. If two uncorrelated signals, F1 and F2, are applied to 
the structure in Fig. 1, both a moment and a force are applied at the attachment point 
of the lever. The input signals are uncorrelated, but because they act on the same 
structure the forces become partly correlated. The force and moment applied to the 
structure in Fig. 1 are: 

21 FFFx  (5) 

2211 dFdFM  (6) 

Eq. (5) and Eq. (6) can be written in matrix form as: 
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The input vector fM is divided into a distance matrix D and a force vector f. The 
distance matrix describes the geometry of how the structure is excited in the different 
DOFs. Eq. (7) can be expressed in matrix vector format as: 

DffM  (8) 

When the system is expanded to a full 6-DOF excitation, a 6-DOF lever is required. 
One example of a 6-DOF lever can be found in [19]. By inserting Eq. (8) into Eq. (4), 
the MIMO system can be described by the location of the excitation points as:  

YDfv  (9) 

Transposing Eq. (9) and multiplying it by the complex conjugate of the input vector is 
equivalent to applying a least squares principle for noise reduction at the output [20]. 
For practical situations in which the input can be specified and measured properly, 
this is a suitable approach because the input can be assumed to be essentially noise 
free [16]. This procedure extends the system from an underdetermined system to 
independently solvable mobility terms: 

TTTT YDffvf **   (10) 

Multiplying the complex conjugate of the input vector by the transpose of the output 
vector yields the input/output cross-spectral density matrix [16]: 

T
Fv vfS *E1

T
  (11) 

where T is the length of the record and E is the expected-value operator. The input 
spectral density matrix is obtained when the complex conjugate of the input vector is 
multiplied by the transpose of itself: 

T
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Multiplying both sides in Eq. (10) by (1/T) and using the expected values, the formula 
can be expressed with spectral density matrices:  

TT
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that can be rearranged into: 
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By transposing Eq. (14), the mobility matrix is solvable as a general expression for 
any number of DOFs: 

11T
FF
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The mobility can be calculated because all spectral quantities can usually be 
determined and exported from the data acquisition system. It should be noted that the 
product of the inverse spectral density matrix (SFF) and the input/output cross-spectral 
density matrix (SFv) describes the input/output frequency response function matrix 
(HFv). Eq. (15) can, therefore, be written as: 

1T
Fv DHY   (16) 

2.4 Quality evaluation of mobility data 
Validation of mobility data by comparing measurements against numerical simulation 
results can be difficult to achieve for larger and more complex structures. When 
comparing test-derived models with theoretical models, the measured results are 
assumed to be more accurate than the theoretical ones because no approximations are 
imposed [21]. This has raised the issue of how the measurement results can be 
validated for complex structures. Without reliable theoretical models or simulations, 
validation of measurements cannot be made. However, assessment of the 
measurement quality can be performed by using methods such as reciprocity, 
coherence functions, and random error. 

2.4.1 Reciprocity 
The mobility matrix describes a linear mechanical system. The diagonal in the matrix 
corresponds to the driving point mobility in each DOF because the excitation and 
response direction are the same. For a linear system, the off-diagonal mobility 
functions should be symmetrical and reciprocal. Mobility terms measured between 
any two DOFs are independent of which of them is used for excitation or response. 
For example, Yxy should be equal to Yyx. By examining these reciprocal elements, an 
indication of the measurement quality can be given.  

2.4.2 Multiple and partial coherence functions 
The ordinary coherence function describes the linear dependence between input and 
output. It is defined as a function of frequency that indicates on a scale from 0 to 1 
how well the input corresponds to the output. For quality evaluation of a MIMO 
system, the ordinary coherence function cannot be properly used because the response 
at the output results from multiple mutually correlated inputs. However, by 
conditioning out the linear dependence between all inputs (the equivalent of 
performing least squares prediction operations), the inputs become mutually 
uncorrelated and the partial coherence function can be estimated. Different procedures 
exist for ordering the inputs. For larger MIMO systems, only one procedure is usually 
feasible [16]. This involves computing the ordinary coherence function from each 
input to output and then ordering the inputs from highest coherence to lowest at each 
frequency line. When the ordering procedure is established, each partial coherence 
function from input to output is determined from the conditioned spectral quantities 
(S) according to: 
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The conditioned spectral quantities are calculated from the unconditioned spectral 
quantities used in Eq. (15). The complete procedure for deriving each partial 
coherence function can be found in the work of Bendat and Piersol [15, 16]. 
 To evaluate the quality and noise in the measurement, the partial coherence 
functions can be summed into the multiple coherence function. The multiple 
coherence function satisfies the condition 1)(0 2

: finout  and can be calculated 
according to [16]: 
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The index i 1, 2,..., q  represents the number of inputs and the index j is the specific 
DOF in the MIMO system.

2.4.4 Random error 
The spectral quantities used for calculating mobility terms are measured and averaged 
over a finite number of samples (or a finite record length). This averaging generates a 
random error ( r) in the measurement data. If the random error in the spectral quantity 
estimate is 0.2, this would mean that the scatter in the spectral quantity around the 
average estimate would have a standard deviation of 20% of the value of the spectral 
quantity [16]. As a rule of thumb, for random errors less than 0.2 the sampling 
distribution can be assumed with reasonable accuracy to be normally distributed [16]. 
To determine the amount of random error in the spectral quantities, the gain-factor 
estimate can be calculated from the partial coherence function in Eq. (17) according 
to:
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The variable nd represents the number of averages used in the measurement. When the 
random error is sufficiently small ( r < 0.20), the uncertainty of the phase-factor 
estimates can be approximated as: 
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3. MEASUREMENT SETUP  
In this study, a medium-size station wagon was used as the test object, and the left 
front hub was the measurement object. The setup had to be capable of measuring six 
DOFs simultaneously. Loading of the structure was, therefore, identical for both 
forces and moments and this prevented inconsistencies in the measurements. To 
provide high repeatability and measurement accuracy, the setup had to be stable and 



rigid. With no tire or rim mounted on the hub, the aim was to attach all equipment 
directly to the brake disc. This meant that transformation or additional post processing 
of the mobility matrix were not necessary.  
 Previous studies have shown that a moment can be created by a pair of shakers 
[13] or impact hammers [22]. Due to long measurement times and good repeatability, 
electrodynamic shakers were considered more suitable for this application than impact 
hammer excitation. The direction and positioning of the shakers are also more 
accurate compared to impact hammer testing.   

3.1 Brake disc 
Attachment points as far apart as possible are desirable to create large moments. Due 
to the circular shape of the brake disc, convenient positions are hard to find. In 
addition, a front disc usually has air channels for cooling that make the structure more 
flexible. This implies that the frequency range of a rigid body is decreased because the 
frequency of the first bending mode is lowered compared to a solid disc. Therefore, 
the excitation points have to be attached to the stiffer center part of the disc and this 
can result in them being positioned too closely to each other. Adjacent excitation 
points lead to an equation system that tends to be singular, causing an increased 
measurement error. A smaller distance between the input forces also decreases the 
moment excitation. This must be compensated for by larger input forces and, 
therefore, larger shakers. 

For these reasons, a special brake disc was fabricated that allowed the 
excitation points to be placed farther apart (Fig. 2). By making the measurement disc 
a square, no levers were needed and the excitation and measurement points could be 
evenly distributed. For excitation in the -direction, a cantilever beam had to be 
mounted at the bottom of the square disc. The disc was milled from a steel plate with 
the same center of mass and weight as the original front brake disc to avoid additional 
mass loading. The distance from the center to a corner was similar to the radius of the 
original circular disc. This made the area of the measurement disc smaller compared 
to the original disc. The measurement disc was made thicker than the original disc to 
achieve the same mass. For the transducers, this extra thickness implied that the 
mobility would have been defined in a different plane compared to a regular brake 
disc. Therefore, the transducers were mounted in small pits in the same plane as the 
surface of the original brake disc. In this way the mobility was measured in the plane 
of the surface of the original disc. By making the disc solid and thicker, the structure 
behaved as a rigid body over a larger frequency range. 

Because no wheel was mounted, the hub and suspension had to be loaded. 
This was achieved by suspending the hub with a spring attached between the 
measurement disc and a supporting rack. However, the contribution from the spring 
will unavoidably affect some DOFs. To prevent coupling between different DOFs, 
ball joints were used at both ends of the spring. By choosing a spring with low 
resonance frequency (in this case, 3 Hz), a free-free condition was obtained. The 
loading of the hub in the experimental setup was equivalent to the static loading with 
the wheel mounted. 

3.2 Excitation and shaker arrangement 
The aim was to attach all measurement equipment directly to the measurement disc, 
so all shakers had to fit inside the wheelhouse and underneath the car. Because of the 
limited space, small shakers were necessary. LDS V201 electrodynamic shakers 
delivering a maximum force of 17.8 N, and LDS PA 150 amplifiers were used.  



Six shakers were used to excite the structure in six DOFs, and these were 
arranged pair-wise, orthogonally, and uncoupled to each other. One pair was fitted to 
the floor underneath the car and excited the z and  DOFs. The other two pairs were 
mounted on individual mechanical benches loaded with blocking masses. Each shaker 
pair was mounted so that the distance and alignment could be adjusted accurately. The 
excitation points and applied forces can be seen in Fig. 2. The measurement disc (Fig. 
2) was excited in six DOFs by the following forces and moments: 

43 FFFx   (21) 

21 FFFy   (22) 

65 FFFz   (23) 

6655 dFdFM   (24) 

4433 dFdFM   (25) 

2211 dFdFM   (26) 

Fig. 2. Square-shaped measurement disc.

The distances d1-4 = 0.070 m, d5 = 0.066 m and d6 = 0.034 m. Eq. (21) to Eq. (26) can 
be expressed in matrix format by the distance matrix and force vector in Eq. (8) as the 
following:
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3.3 Transducers 
The forces applied to the measurement disc were measured with force transducers 
mounted on the disc. Because the structure was excited in six DOFs, the force 
transducers moved in the same direction as the combined excitation. Such a 
movement will load the transducer with unwanted tangential forces that cause a 
measurement error, and the size of the error will increase with the height of the 
transducer because it acts as a lever. In order to minimize the tangential force and the 
measurement error, small force transducers should be used [23]. In this experiment 
B&K 8230 force transducers were used. To further minimize the error, the stingers 
used for energy distribution from the shakers to the force transducers should have a 
low bending stiffness but be stiff under compression. To fulfill this, stingers were 
turned from Polyoxymethylene-plastic (POM).  

To determine the full structural behavior at the center of the hub (the spindle), 
multiple accelerometers were used. To obtain as high a frequency range as 
theoretically possible, the accelerometers should be placed as far out as possible on 
the structure. However, it has to be considered that the width and length of the disc 
has to be much smaller than the wavelength in the material to fulfill the requirement 
for a rigid body [17]. 

Small triaxial accelerometers were placed close to each corner, and all 
distances a1-6 = 0.06 m (Fig. 3). With lightweight accelerometers (B&K 4524B), the 
mass loading of the structure was negligible.  

Fig. 3. Positioning of accelerometers.

The velocities at the center-point of the hub in all DOFs are described by summing the 
vibratory responses from each accelerometer A1-4 according to Eq. (28) to Eq. (33). 
This summation can either be done in the time domain or the frequency domain. 
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3.4 Data acquisition and auxiliary equipment
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. All measurements and calculations of input 
and input/output spectra were done using the PULSE software. Random signals were 
generated and fed to the power amplifiers for the shakers.  Both the auto-spectra of 
the input signals and the cross-spectra between the input and output signals were 
calculated over a frequency range of 0–800 Hz with 0.25 Hz resolution. This 
resolution was considered sufficient to detect narrow and close peaks in the signals. A 
Hanning window with 50% overlap was used, and each measurement consisted of 28 
averages corresponding to a measurement time of 58 seconds. A high-pass filter with 
a cut-off frequency of 0.7 Hz was used for all transducers. The complete 6-DOF 
measurement setup can be seen in Fig. 4. The contribution from the spring suspension 
affected the z, , and  DOFs. 

Fig. 4. Complete 6-DOF measurement setup.

4. RESULTS AND DISCUSSION 
The modal properties of the measurement disc were measured with an impact 
hammer. The first bending mode of the disc was detected at 1789 Hz, and the first 
bending mode of the cantilever beam was 2478 Hz. As a rule of thumb, the upper 
frequency limit of a transducer should be set to one-third of its resonance frequency 



[20]. The measurement disc can, therefore, be considered a rigid body below 500 Hz 
with no influence from bending modes.

4.1 Mobility 
The measured point mobilities in all six DOFs can be seen in Fig. 5 and Fig. 6. All 
translational point mobilities showed a similar magnitude in the frequency range 150–
500 Hz (Fig. 5). Below 150 Hz, point mobilities Yyy and Yzz showed a resonance at 
31.5 Hz and 37.5 Hz, respectively. The magnitudes of the rotational point mobilities 
Y  and Y  were comparable to each other, while Y  has a higher magnitude for 
frequencies below 200 Hz (Fig. 6). It should be noted that the z, , and  DOFs were 
affected by the spring suspension.  

Fig. 5. Point mobilities for translations Yxx, Yyy and Yzz.

Fig. 6. Point mobilities for rotations Y , Y  and Y .

4.2 Reciprocity 
The reciprocity between the translational and rotational mobility terms is shown in 
Fig. 7 to Fig. 10. The mobility terms chosen in Fig. 7 to Fig. 9 gave the combinations 
in which each pair of shakers was represented twice. In this way, no excitation 
directions were excluded. The quality of the other reciprocities showed similar results. 



Reciprocities involving the rotational DOF  showed a slightly lower but still 
acceptable quality. The reciprocities of the rotational DOFs that were affected by the 
spring suspension (  and ) are shown in Fig. 10.

Fig. 7. Reciprocity between the translational 
mobilities Yzy and Yyz.

Fig. 8. Reciprocity between the translational 
mobility Yz  and the rotational mobility Y z.

Fig. 9. Reciprocity between the rotational 
mobilities Y  and Y .

Fig. 10. Reciprocity between the rotational 
mobilities Y  and Y .

4.3 Multiple and partial coherence functions 
The ordinary coherence function for each input to the output in the -direction is 
shown in Fig. 11.

Fig. 11. Ordinary coherence functions from all 6 inputs to output in -direction.



The sum of the ordinary coherence functions from all inputs to the output exceeded a 
magnitude of one. This implied that the inputs were mutually correlated and, 
therefore, that partial coherence functions needed to be calculated. As can be seen in 
Fig. 11, the order of inputs showing the highest ordinary coherence function changed 
over the frequency range. Calculations of partial coherence functions were made from 
the ordering in which the input with the highest ordinary coherence function was first 
in the analysis order. The multiple coherence functions were calculated by summing 
each partial coherence function in each direction from inputs to outputs according to 
Eq. (18) (Fig. 12).

Fig. 12. Multiple coherence functions for all DOFs.

In Fig. 12, the multiple coherence is close to one above 25 Hz for all DOFs. The low 
multiple coherences below 25 Hz are most likely due to insufficient excitation forces 
delivered from the shakers.  

4.4 Random error 
The random errors in the gain-factor estimates were calculated from Eq. (19). The 
random error in each frequency response function from the input to the output in the 

-direction is shown in Fig. 13. The gain-factor estimates in other DOFs showed a 
random error of the same magnitude as in the -direction.

Fig. 13. Random error of frequency response functions in -direction.

In Fig. 13, the random error in the gain-factor estimate in the -direction is not 
sufficiently low ( r < 0.20) to fulfill the requirements for using Eq. (20). Therefore, 



the uncertainty for the phase-factor estimate cannot be assumed to be the same size as 
the gain-factor estimate. To obtain a smaller random error, the number of averages 
should be increased. To achieve r < 0.20 the number should be increased 
approximately 100 times to 2800 averages. This would imply a measurement time of 
approximately 100 minutes.  

5. CONCLUSIONS 
The objective of the study was to obtain the mechanical mobility matrix of a wheel 
hub of a car, as an example of a complex mechanical structure, in six DOFs.  The 
complete mobility matrix was determined and evaluation of the results showed good 
measurement quality in terms of reciprocity and multiple coherence in the frequency 
range of 25–500 Hz. The magnitudes of the translational point mobilities were 
approximately the same in the frequency range of 150–500 Hz. The magnitudes of the 
rotational point mobilities Y  and Y  were comparable to each other, while Y  has a 
higher magnitude for frequencies below 200 Hz. This implies that the direction that 
has the highest force or moment input excitation will be the DOF that will yield the 
highest vibratory response. Therefore, for a wheel hub of a car, rotational DOFs 
cannot be omitted if the input moments are not known to be negligible in comparison 
to the translational forces.  

As a rule of thumb, the random errors in the gain-factor estimates should be 
below 0.2 [16], which were not the obtained. To obtain a smaller random error, the 
number of averages should be increased. 

The experimental method developed here to determine and measure 
mechanical mobility in six DOFs has been shown to work well even for a complex 
structure such as the hub of a car. This method can be implemented in a variety of 
applications where the mechanical mobility is needed.  
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Abstract
In the automotive industry, an NVH (Noise, Vibration and Harshness) 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 was to 
develop and validate an auralization model of structure borne tire noise based on operationally measured 
hub forces by comparison with artificial head recordings made under the same conditions. To create 
auralizations under the same condition as recordings, the hub forces used for recordings were measured 
and filtered through experimentally measured binaural transfer functions from the same hub of the car to 
an artificial head in the cabin of the car. The auralization model was validated in a listening test, where the 
criteria for considering the auralizations to be sufficiently similar to the recordings was that eight different 
tires should be ranked equally in a listening test regardless of whether the test was based on auralizations 
or recordings. Listening test results from ranking of tires with respect to annoyance of interior sounds 
showed good agreement between auralizations and recordings. There were no significant differences 
between ranking based on recordings and auralizations, except for tires assessed to be very similar, both at 
50 km/h and 70 km/h. The conclusion was that the use of auralizations for ranking of structure borne tire 
sounds gives results which comply with listening tests based on recordings, and thereby the auralization 
model was considered as valid.  
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1 Introduction 

In the automotive industry, NVH (Noise, Vibration and Harshness) issues are important factors for the 
perceived product quality. Interior tire noise is an essential part of NVH. Tire noise is generated from the 
tire/road interaction and transferred into the car cabin through structure borne and airborne paths. For low 
frequencies, typically less than 500 Hz [1], the structure borne contribution dominates. Vibrations caused 
by the tire/road interaction are transferred through the hub to the suspension and chassis to radiate into the 
car cabin. At higher frequencies the contribution of airborne tire noise dominates over the structure borne 
tire noise. A common method to record and measure interior tire noise is to use an artificial head. The 
sound is recorded binaurally and can later be reproduced using headphones. This way the spatial 
information in the sound is preserved [2]. Even though there is always some loss of acoustical cues and 
spatial information that results in a deterioration which leads to worse source localization [3, 4] and 
separation of sources from reverberation and background noise, artificial head recordings are considered 
to give valid results when used in listening tests for sound quality assessments. 
For both car and tire manufacturers, it is desirable to predict tire noise early in the development process to 
allow time and cost efficient product development. This is achieved by moving field testing to indoor lab-
environments and by using CAE-tools for early predictions of product performances and qualities. A 
useful method to address NVH problems and to reduce field testing is to combine recordings with 
measurements and/or simulations into auralizations. 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. In cases where 
auralizations are used for detailed psychoacoustic analysis, it is important to keep the auralizations 
perceptually equivalent to real sounds [5, 6]. However, 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 
[7].  
Creating accurate interior tire noise auralizations usually require a high level of detailed and complex 
models. Therefore, tire noise issues are often handled late in the vehicle development process which gives 
little freedom for modifications of the product. 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 (tire and car). For a car manufacturer, the 
number of time consuming field tests of different sets of tires can thereby be reduced.  From the 
perspective of a tire manufacturer, the number of different cars used in field testing can be reduced. 
Commonly, either the car or the tire exists as a prototype or an existing product.  
The objective of this study was to develop and validate an auralization model of interior structure borne 
tire noise based on operationally measured hub forces and moments in 6-DOF (degrees of freedom) by 
comparison with artificial head recordings made under the same conditions. The reason for comparing 
auralizations with artificial head recordings was that this gave a reference to a technique commonly 
considered to give valid results when used in listening tests for sound quality assessments. By using the 
same experimental set up for recordings and for measurements of binaural transfer functions (BTFs) the 
contribution from the set up affected auralizations and recordings equally. However, additional 
discrepancies will be present in the auralizations due to e.g. errors in the BTFs caused by non-linearities. 
The criteria for considering the auralization to be valid was that listening tests of annoyance for interior 
tire noise would result in the same ranking of different models of tires, irrespective of whether the test was 
based on auralizations or recordings.  

2 Method 

For the structure borne tire noise, the hub acts as the coupling element between the wheel and the car. By 
measuring forces and moments in 6-DOF at the hub, the full structure borne contribution was obtained. 



The hub forces served as input to the auralization model and were filtered through experimentally 
measured BTFs from the hub of the car to an artificial head in the cabin of the car. The output of the 
auralization model is the interior structure borne tire noise in the cabin of the car.  
In order to validate the auralization model and to create auralizations comparable to artificial head 
recordings, the same hub forces and measurement set up had to be used for both the binaural recordings as 
for measuring the BTFs used for creating auralizations. To find if different tires would be ranked equally 
regardless of whether listening tests were based on recordings or auralizations, a selection of various tire 
types (summer and winter tires) made by different manufacturers and measured at several speeds needed 
to be included. The measured forces and moments were used to excite the hub of a car where the resulting 
tire noise was recorded with an artificial head in the cabin of the car. To create auralizations under the 
same condition as recordings, the same hub forces used for recordings were filtered through measured 
BTFs from the same hub of the car to an artificial head in the cabin of the car. In this case, both the same 
force signals and the same measurement set up were used, which allowed a direct comparison. The 
schematic illustration of the experiment can be seen in Fig. 1. The auralization model was considered to be 
valid if eight different tires would be ranked equally in a listening test regardless of whether the test was 
based on auralizations or recordings. 

Fig. 1: A schematic view of the comparison between recordings and auralizations made under the same 
conditions.

2.1 Evaluation Methodology 

To detect small differences in reproduced sounds, pairwise comparison procedures such as the ITU 
(International Telecommunication Union) recommendation BS.1116-1 have been shown to be an accurate 
method [8 ,9]. However, for larger sets of sounds, pairwise comparison procedures become time 
consuming and unmanageable due to the large number of comparisons. In these situations a faster and 
more efficient method is needed, e.g. ranking. Ranking procedures and especially ranking by elimination 
has been shown to be a faster approach without seeming to lack accuracy compared to a pairwise 
comparison method [10]. Ranking by elimination is based on that one subject at a time is given access to 
all stimuli and asked to find the stimulus which is considered as most extreme with respect to the assessed 
attribute (e.g. annoying). When the most extreme stimulus is identified, it is selected and removed. From 
the remaining stimuli, the procedure is repeated by removing the most extreme stimulus from the 
remaining stimuli. Eventually, only the stimulus which is considered as least extreme remains. Hence all 



stimuli have been ranked in the order they have been eliminated. In this study annoyance was assessed and 
the listening test was controlled by the subject through a computer interface as shown in Fig. 2.  

Fig. 2: User interface for listening test. 

2.2 Sound Stimuli 

2.2.1 Recording of operational hub forces  

To find to which extent different tires could be distinguished, both in recordings and auralizations, sounds 
had to cover both larger and smaller audible differences. To cover large differences, studded winter tires 
and studded winter tires with the studs removed and a summer tire were recorded. For inclusion of smaller 
differences, a group of different studded winter tires were used. In total, eight tires were chosen, all 
premium tires from different manufacturers, see Table 1. All tires had the dimension 205/55 R16 and load 
index 94. 

Table 1: List of recorded tires.   

Index Description
SW1 Studded Winter Tire
SW2 Studded Winter Tire
SW3 Studded Winter Tire
SW4 Studded Winter Tire
SW5 Studded Winter Tire
RS1 SW1 with Studs Removed
RS2 SW2 with Studs Removed
SU1 Summer Tire

One tire at a time was mounted on a mobile test trailer. The hub of the trailer was equipped with four 3-
component force transducers arranged geometrically to allow estimation of hub forces in 6-DOF. The load 
on the tire was 540 kg which corresponded to 80% of maximum tire load index 94 (670 kg). The trailer 
was equipped with an air spring suspension. The operational hub forces were recorded on wet asphalt (no 
rain) at two velocities (50 km/h, 70 km/h) with a sampling frequency of 12.8 KHz.  



2.2.2 Measurement set up 

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 thereby prevented. For this study a medium sized station wagon was used as a test object. 
Without tire or rim mounted on the hub, all equipment was attached 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 [11]. 
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 
measurement disc was designed and fabricated [11]. With the specially made disc, a mount for adjusting 
the load of the hub/suspension was made. The measurement disc was made into a quadratic shape to fit 
measurement equipment along with creating evenly spaced excitations points. To excite moments in the 
self-aligning moment ( -direction) (ISO 8855:2011 [12]), a cantilever beam had to be attached, see Fig. 3. 
The disc was milled from a steel plate and made solid and thicker compared to the original brake disc to 
increase the frequency range where the structure behaves as a rigid body. The first bending mode of the 
measurement disc was measured with an impact hammer to 2 kHz. The weight of the measurement disc 
was approximately the same as for the original brake disc. 

Fig. 3: Square shaped measurement disc. Tire axis system according to ISO 8855:2011 [12]. 

The loading of the hub and front suspension was made by suspending the hub with a spring attached 
between the measurement disc and a supporting rack. Ball joints where used in both ends of the spring to 
prevent coupling between different DOFs, see Fig. 4. The contribution from the spring mainly affected the 
normal force (z-direction), see Fig. 3. 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 purpose was to attach all shakers to the 
measurement 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 used. They are 
capable of delivering a sine force peak of 17.8 N. The shakers were 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 Fig. 4. Each shaker pair was mounted so that the distance and alignment could be 
adjusted accurately.  
Small force transducers (B&K 8230) were chosen to reduce measurement errors generated due to 
tangential forces. 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.  

Fig. 4: Measurement set up. 

2.2.3 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 [11, 13-15]. The left front hub was excited in 6-DOF simultaneously using white 
noise 0 - 1600 Hz, and the artificial head (Head Acoustics HMS IV) was placed at the driver’s position in 
the car. This frequency range was enough to cover the frequency content of the recorded hub forces. The 
response at each force transducer and at the artificial head was recorded. The recorded response from the 
force transducers were summarized in time domain to represent the net force and moment in each 
direction according to equations (1 – 6). Locations of forces F1 to F6 and distances d1 to d6 are shown in 
Fig. 3, where d1 to d4 were 0.07 m, d5 was 0.066 m and d6 was 0.034 m. 

tFtFtFx 43  (1) 

tFtFtFy 21  (2) 

tFtFtFx 65  (3) 

tFdtFdtM 6655  (4) 

tFdtFdtM 4433  (5) 

tFdtFdtM 2211  (6) 

The transfer functions from the summarized forces and moments to each ear of the artificial head was 
considered as two MISO-systems (multiple input single output) according to Fig. 5. 



Fig. 5: Two MISO-systems (one to each ear) used for creating auralizations. 

By considering 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 
one of the ears 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 left 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 errors [6]. 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 and the artificial head had a cut-off frequency of 22.4 Hz. 

2.2.4 Creation of recordings (reference stimuli) 

To apply the measured operational forces to the measurement set up, 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 
backward direction for zero-phase distortion. Since the operational data included forces larger than the 
shakers were capable of delivering, all forces were decreased 17 dB. The filtered and scaled operational 
forces were fed to the 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. 



It can be argued that the measured operational hub force will not be reproduced exactly at the hub of the 
car due to an uneven transfer function between the electrical signals sent to the shakers and the measured 
force at the hub. For this validation, this is not an issue since the auralization is based on the vibrational 
response measured during recording. For a validated auralization model, the measured operational hub 
forces can be directly filtered through the binaural transfer functions. 

2.2.5 Creation of auralizations (object stimuli) 

When the reference stimuli were created, the response at each force transducer was recorded. These 
responses 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 the corresponding DOF of the 
BTFs, as shown in Fig. 5. The convolved signals in each DOF were summarized to the resulting sound 
pressure at each ear as: 

z

xi j
jMjpkiFipkk tMtHiffttFtHiffttp

LeftRight,k
,,j
zy, x,i

     where)()()()(  (10) 

where pk(t) is the auralized time signal at k:th ear, ifft[HFipk](t) is the impulse response of the BTF in i:th-
translational DOF to k:th ear, ifft[HMjpk](t) is the impulse response of the BTF in j:th-rotational DOF to 
k:th ear,  Fi is the recorded force in i:th direction and Mj is the recorded moment in j:th direction.  

2.3 Listening Test 

To avoid obvious acoustical cues such as differences in background noise between the reference stimuli 
and the object stimuli, all stimuli were band-pass filtered (Butterworth 2:nd order) from 22.5 to 500 Hz. In 
order to get the correct playback level the recordings and auralizations was increased 17 dB to compensate 
for the decreased input forces and additionally 6 dB to represent the contribution from four tires. The 
playback level of the reproduced sounds varied between 64-73 dB(A) depending on type of tire and speed. 
In order for the stimuli to be played through a Head Acoustics PEQ V headphones amplifier, all stimuli 
were down sampled from the measured sampling frequency of 65.5 kHz to 44.1 kHz.  
Each subject was introduced to the listening test with a training session. The training consisted of one of 
the trial sessions, randomly selected for each subject. After the training session, the listening test consisted 
of four trials with eight stimuli each, see Table 2. In each trial, all of the stimuli were either object stimuli 
(auralization) or reference stimuli (recording) at the same speed. The trial order was randomized for each 
subject as well as the stimuli order in each trial. The subject was free to switch between stimuli in any 
order and as many times as desired throughout the test. The length of each stimulus was 5 seconds. The 
computer interface used in the listening test is shown in Fig. 2. 

Table 2: Listening test conditions.

Trial Type of stimuli Speed
1 Object stimuli (auralizations) 50 km/h
2 Reference stimuli (recordings) 50 km/h
3 Object stimuli (auralizations) 70 km/h
4 Reference stimuli (recordings) 70 km/h

A total of 26 subjects participated in the listening test, 13 men and 13 women. All subjects were 
volunteers with self-reported normal hearing. The mean age was 24.0 years (SD 6.4 years). 



3 Results and Discussion 

3.1 Measurement of binaural transfer functions 

Fig. 6 shows the measured binaural transfer function to the left ear. Magnitude differences can be seen 
when comparing translational DOFs below 60 Hz.  When comparing rotational DOFs, the tire aligning 
moment ( -direction) have a lower magnitude above 80 Hz compared to the other rotational DOFs. 

Fig. 6: Transfer function from forces (left) and moments (right) to left ear of the artificial head.  

The quality of the BTFs was evaluated by estimating the multiple coherence from the measured spectral 
quantities in equation (8). For each frequency line, the multiple coherence describes the linear dependence 
between all inputs (all forces) and one output (noise). The linear dependence is normalized so that the 
multiple coherence function satisfies the condition 1)(0 2

: finout where the value 1 means that the 
entire output power originates from the inputs [13]. The spectral quantities were measured with all shakers 
simultaneously exciting the hub with random noise (0-1600Hz). Since all inputs (forces) were used 
simultaneously, the linear dependence between inputs was conditioned out so that all inputs could be seen 
as mutually uncorrelated. Conditioned spectral quantities were calculated from the unconditioned spectral 
quantities. The inputs were ordered after the magnitude (frequency line by frequency line) of the ordinary 
coherence function. To evaluate the quality and noise in the measurement, the partial coherence functions 
can be summed into the multiple coherence function. The complete procedure of deriving multiple 
coherence functions can be found in Bendat and Piersol [13, 14].  
The multiple coherence functions from all force inputs to the left and right ears of the artificial head can 
be seen in Fig. 7. The low coherence for frequencies less than 22 Hz is due to the high-pass filters in the 
artificial head. In the frequency range 22-95 Hz, clear dips are present. Above 95 Hz, some dips are 
present otherwise the multiple coherence is close to 1. To determine the cause of these dips, autospectrums 
of the transducers were analyzed. The autospectrum of the force transducers showed flat responses with no 
clear peaks or dips, which indicate non-linearities in the system.  



Fig. 7: Multiple coherence functions from force transducer to the right and left ears of the artificial head. 

3.2 Listening test  

Results from the ranking by elimination tests in earlier studies have been analyzed by using the Mallows-
Bradley-Terry (MBT) model [10, 16]. The MBT-model predicts the probability of each possible ranking. 
However, for eight stimuli at each trial the number of all possible ranking combinations is 8! = 40320. 
With 26 subjects participating in this study, the MBT model was not suitable since only a fraction of all 
possible rankings are registered. 
Instead, the median ranking order was obtained from the listening test result for both recordings and 
auralizations. Each subject ranked the stimuli in each trail, where the most annoying sound was given rank 
1 and the least annoying sound was given rank 8. The median ranking order for the recordings was 
considered as the reference order, which should be replicated by the listening test based on auralizations in 
order to consider the auralization model to be valid. Jonkheere-Terpstra’s [17] test was used to test 
whether listening tests based on auralizations resulted in the same trend in ranking as the ranking found in 
listening tests based on recordings. All effects are reported at p < .05. The Kruskal-Wallis test showed that 
the median annoyance rankings of the different tires from listening tests based on auralizations were 
significantly different both at 50 km/h (H(7) = 98.82, p = .000) and 70 km/h (H(7) = 106.72, p = .000). 
Jonkheere’s test revealed that the trend in the data from listening tests based on auralizations followed the 
ranking order found in listening tests based on recordings, both at 50 km/h (J = 14429, z = 10,06, p = .000, 
r = .70) and 70 km/h (J = 14908, z = 11.03, p = .000, r = .76). The data is presented as box-plots with 
notches in Fig. 8 (50km/h) and Fig. 9 (70 km/h). Tires are ordered after their median value of the 
recordings, from most (rank 1) to least (rank 8) annoying. In cases where the median values are identical, 
the order is arranged after their average value.  

Fig. 8. Box-and-Whisker Plot, 50 km/h 



Fig. 9. Box-and-Whisker Plot, 70 km/h 

The median is marked as a horizontal line within the box where the length of the box is the sample 
interquartile range (IQR). The average value is shown as a plus sign. Outliers which are more than 1.5 
times the length of the box are marked as a square. Extreme values which are more than 3 times the length 
of the box are marked as a square with a plus sign. Notches indicate of the potential sampling error in the 
median. Notch intervals are calculated according to: 

n
IQRm

35.1
)(25.1zintervalnotch /2  (11) 

where m is the sample median, n is the sample size (number of subjects) and z /2 is the upper ( /2)%
critical value of the standard normal distribution (  = 5%). 
When comparing rankings from recordings and auralizations tire by tire, the notches between each pair 
overlap except for SW4 and RS1 at 50 km/h.  Therefore, there were no significant differences between 
ranking based on recordings and auralizations, except for tires assessed to be very similar, both at 50 km/h 
and 70 km/h. This, together with the significant trend in the data, validates that the use of auralizations for 
ranking of structure borne tire sounds gives results which comply with listening tests based on recordings.  

3.3 Spectral analysis  

When evaluating the quality of auralization models, spectrum comparisons between the recording and 
auralization are often shown. In Fig. 10, the recording of SW4 is compared against the auralization at 50 
km/h. The listening test showed that SW4 had the largest perceived difference, see Fig. 8. Auralization of 
SW4 can therefore be considered as the case which is most different from its recording.  

Fig. 10: Spectrum comparisons of the recording and the auralization of SW4 (left ear), 50km/h. 



In Fig. 10, spectral differences between the recording and the auralization can be seen for frequencies 
below 100 Hz. It was shown in Fig. 7 that the coherence is low for frequencies less than 95 Hz. The 
spectral difference over 100 Hz is very small in Fig. 10. Despite the rather small difference in the spectra, 
these differences are still audible. This pinpoint that the quality of auralizations can hardly be judged from 
spectrum comparisons.  

4 Conclusions 

This study introduced an auralization model for interior structure borne tire noise where operationally 
measured hub forces were filtered through measured BTFs from the hub of the car to an artificial head in 
the cabin of the car. The auralization model was validated by comparing auralizations of structure borne 
tire noise against artificial head recordings made under the same conditions in a ranking by elimination 
listening test. Ranking of tires with respect to annoyance of interior sounds based on auralizations showed 
good agreement with ranking based on artificial head recordings. The Jonkheere-Terpstra’s test revealed 
that the trend in the data from listening tests based on auralizations followed the median ranking order 
found in listening tests based on recordings, both at 50 km/h and 70 km/h. When comparing rankings from 
recordings and auralizations tire by tire, two pairs of tires were found to be significantly different at 
50km/h while no significant differences were found at 70 km/h. The conclusion was that the use of 
auralizations for ranking of structure borne tire sounds gives results which comply with listening tests 
based on recordings, and thereby the auralization model was considered as valid.  
The difficulty of showing differences between recordings and auralizations using frequency spectra was 
demonstrated. This pinpoint the importance of validation of auralization methods by aural assessments, 
and the procedure demonstrated here is one way to efficiently make this validation. 
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Abstract
In the automotive industry, a Noise, Vibration and Harshness (NVH) issue such as tire noise is an 
important factor for the perceived quality of a product. A useful method to address NVH problems and to 
reduce field-testing is to combine recordings with measurements and/or simulations into auralizations. An 
example of a method to create structure-borne tire noise auralizations is to filter recordings of hub forces 
and moments through binaural transfer functions experimentally measured from the hub of the car to an 
artificial head in the cabin of the car. To create authentic auralizations of structure-borne sound, all six 
degrees of freedom (DOFs) of hub forces and moments and transfer functions should be included. 
However, rotational DOFs are often omitted due to measurement difficulty, complexity, time, and cost. 
The objective was to find which DOF (or DOFs) is perceived as most prominent in structure-borne tire 
noise. An auralization model of interior structure-borne tire noise was used. An auralization including all 
DOFs was compared with auralizations lacking one DOF at a time in a listening test. Also, auralizations 
lacking either all translational DOFs or all rotational DOFs were included in the listening test. Results 
from the listening test showed that the overturning moment (M ) was perceived as the most prominent 
DOF, and the normal force (Fz) and the aligning moment (M ) were perceived as the least prominent 
DOFs. Removing all rotational DOFs led to a larger audible difference than removing all translational 
DOFs. Therefore, rotational DOFs should not be disregarded in tire noise auralization. The results suggest 
which DOFs are most important to consider in tire and vehicle sound design.  
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1 Introduction 

In the automotive industry, Noise, Vibration and Harshness (NVH) issues are important factors for the 
perceived quality of a product. Interior tire noise is an essential part of NVH. Tire noise is generated from 
the tire/road interaction and transferred into the car cabin through structure-borne and airborne paths. At 
low frequencies, typically less than 500 Hz [1], the structure-borne contribution dominates. Vibrations 
caused by the tire/road interaction are transferred through the hub to the suspension and chassis and 
radiate into the car cabin. At higher frequencies, the contribution from airborne tire noise dominates over 
the structure-borne tire noise. Although interior tire noise is an essential part of NVH and is highly related 
to comfort, it is often handled late in the car development process when there is little freedom for 
modifications of the car. For both car and tire manufacturers, it is desirable to predict tire noise early in the 
development process to allow time and cost efficient product development. This is achieved by moving 
field testing to indoor lab environments and using computer-aided engineering tools for early predictions 
of product performance and quality. A useful method to address NVH problems and to reduce field-testing 
is to combine recordings with measurements and/or simulations into auralizations. An example of a 
method to create auralizations is to filter the recordings through airborne or structure-borne transfer 
functions [2, 3]. Transfer functions are obtained from experimental measurements by a method such as 
Transfer Path Analysis (TPA), from numerical simulation methods such as Finite Element Modeling 
(FEM), or from methods combining these two techniques such as Component Mode Synthesis (CMS) and 
Frequency response function Based Substructuring (FBS) [4]. To create authentic structure-borne 
auralizations, the structural contributions from all six degrees of freedom (DOFs) – three translational and 
three rotational DOFs – have to be included. Due to factors such as measurement difficulty, complexity, 
time, and cost, rotational DOFs are often omitted and ignored [5, 6]. This results in simplified 
auralizations with varying magnitudes of audible errors. However, the required level of detail in the 
auralization depends on the stage in the development process. In an early development stage, audible 
errors and artifacts might be acceptable as long as the main character of the sound is realistic. In cases 
where auralizations are used for detailed psychoacoustic analysis, it is important to keep the auralizations 
perceptually equivalent to real sounds [7, 8]. 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 [9].  
The aim of this study was to investigate how different DOFs of hub forces and moments affect perceived 
tire noise in the cabin of a car. An auralization containing all six DOFs was compared with auralizations 
containing all but one DOF in a listening test to determine which DOFs are perceived as the most and least 
prominent in structure-borne interior tire noise. In addition, auralizations lacking either all translational or 
all rotational DOFs were compared to the auralization containing all six DOFs in order to determine how 
large the perceived effects are when all translational or all rotational DOFs are omitted. 

2 Method 

An auralization model of structure-borne interior tire noise has been developed and validated in a previous 
study [10]. A benefit of the auralization model is that the structure-borne tire noise is separated from other 
noise sources in the car. Furthermore, the noise contribution from each DOF can be separated and listened 
to individually. In this study, the auralization model is used to determine the influence of different DOFs 
of hub forces and moments on structure-borne interior tire noise. For the structure borne tire noise, the hub 
acts as the coupling element between the wheel and the car. By measuring the forces and moments in six 
DOFs at the hub during operational conditions, the full structure-borne contribution was obtained. The 
recorded hub forces were the inputs for the auralization model and were filtered through binaural transfer 
functions (BTFs) measured from the hub to an artificial head placed in the cabin of the car. With BTFs, 
the spatial information in the sound is preserved when the auralization is reproduced using headphones 



[11]. The auralizations lacking one or more DOFs were compared with the auralization including all six 
DOFs in a listening test. The schematic of the experiment is shown in Fig. 1. 

Fig. 1: Schematic illustration of the experiment to produce and evaluate auralizations of structure-borne 
tire noise. 

2.1 Creation of Auralizations 

Auralizations were created in a three-step process, including recording the operational hub forces and 
moments, measuring the BTFs, and convolving the hub forces and moments with the BTFs.  

2.1.1 Recording the operational hub forces and moments  

An MTS SWIFT 30A wheel force transducer was used to record operational hub forces and moments in 
six DOFs. The SWIFT system consisted of a load cell mounted on the outside of a slightly modified tire 
rim. A wheel hub adapter was used to mount the load cell to the hub of the car. The total mass of the 
system was comparable to a standard wheel. When analyzing the structural and modal properties of the 
load cell, the deviation from a flat response was approximately 2 dB in the frequency range 20–500 Hz in 
all directions. This frequency range covers the typical range of structure-borne tire noise. Although the 
measurement rim was slightly modified, it was considered to have similar dynamic properties as a 
conventional rim. This implies that the measurement rim might not be considered to be a rigid body below 
500 Hz in all DOFs, but still has a similar influence on the measured hub forces and moments as would be 
expected from a conventional rim. The accuracy of the system has been validated previously [12, 13]. The 
MTS SWIFT 30A was mounted on a station wagon (2011 Audi A4 Avant) on the front right side 
(passenger side). Friction winter tires (no studs) with dimension 205/55R16 were used. Hub forces and 
moments were recorded at 70 km/h in a straight line on dry asphalt. The sampling frequency was 12.8 
kHz.



2.1.2 Measurement of binaural transfer functions (BTFs) 

Because the recorded hub forces and moments were determined at the center of the hub, BTFs in six 
DOFs had to be measured from the center of the hub to an artificial head. The system of BTFs is shown in 
Fig. 2. 

Fig. 2: Binaural transfer functions (H) in six degrees of freedom (translational directions x, y, z and 
rotational directions , , ) from hub forces (F) and moments (M), which are convolved to create the 

auralized signal (p) at time (t) for each ear (R, L) of an artificial head. 

In order to measure the BTFs in six DOFs, the measurement setup had to be capable of exciting all DOFs 
without changes in the setup. This prevents inconsistencies due to displacements, alterations, or changes in 
the loading of the structure. For this study, a station wagon (2005 SAAB 9-3) was used as a test object. 
Without the tire or rim mounted on the hub, all equipment was attached directly to a specially made brake 
disc, as shown in Fig. 3.  

Fig. 3: Measurement setup. 

The same setup was used in a previous study where the mobility of the hub was measured in six DOFs 
[10]. This setup has been validated by listening test comparison of auralizations with artificial head 
recordings made under the same conditions [10]. The left front hub was excited in six DOFs 
simultaneously, shown in Fig.4, using white noise from 0–1600 Hz. 



Fig. 4: Square-shaped measurement disc (left) and tire axis system (right) according to ISO 8855:2011 
[14]. The locations of the measured forces F1–6 and the distances d1–6 between forces are shown on the 

measurement disc.

The artificial head (Head Acoustics HMS IV) was placed in the driver’s position in the car. The response 
at each force transducer and at the artificial head was recorded. The recorded responses from the force 
transducers were summarized in the time domain to represent the net force (Fx, Fy, and Fz) or moment (M ,
M , and M ) in each direction according to equations (1–6). Locations of forces F1–6 and distances d1–6 are 
shown in Fig. 4, where d1 4 = 0.070 m, d5 = 0.066 m, and d6 = 0.034 m. 

tFtFtFx 43  (1) 

tFtFtFy 21  (2) 

tFtFtFz 65  (3) 

tFdtFdtM 6655  (4) 

tFdtFdtM 4433  (5) 

tFdtFdtM 2211  (6) 

To determine the BTFs from the summarized forces and moments to each ear of the artificial head, the 
system is considered as two MISO systems (multiple input single output) [15, 16], as shown in Fig. 2. The 
BTFs for each ear are expressed as 

FpFFFp HSS , (7) 

where the matrix vector SFp represents the cross-spectral density functions from each force and moment to 
one of the ears of the artificial head. The matrix SFF corresponds to the auto and cross-spectral density 
functions between the forces and moments. HFp contains the transfer functions from each force and 
moment to one ear of the artificial head. Equation (7) can be expressed for the left ear as 
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The transfer functions are then solved with 
1

FFFpFp SSH . (9) 

Both the auto spectral density functions of the input signals and the cross spectral density functions 
between input and output signals were calculated in B&K PULSE in the frequency range 0–600 Hz with 
0.25 Hz frequency resolution. A previous study has shown that auralizations should have a frequency 
resolution of at least 1 Hz in order to avoid audible errors [8]. 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, and the artificial head had a high-pass filter with a cut-off 
frequency of 22.4 Hz. 

2.1.3 Creation of stimuli 

Auralizations were created by convolving each DOF of the recorded forces and moments with the impulse 
response of the corresponding DOF of the BTF, as shown in Fig. 2, according to 
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     where)()(iff)()(iff , (10) 

where pk(t) is the auralized time signal at the kth ear (right or left), ifft[HFipk](t) is the impulse response of 
the BTF in the ith translational DOF (x, y, z) for the kth ear, ifft[HMjpk](t) is the impulse response of the BTF 
in the jth rotational DOF ( , , ) for the kth ear, Fi is the recorded hub force in the ith direction, and Mj is 
the recorded hub moment in the jth direction.  
The auralization including all six DOFs was used as the reference stimulus in the listening test. 
Auralizations lacking DOFs were used as object stimuli in the listening test, which are listed in Table 1. 
All stimuli were band-pass filtered (Butterworth 2nd order) from 22.5 Hz to 500 Hz to correspond to the 
frequency range where the structure-borne tire noise dominates. 

Table 1: List of stimuli

Stimuli DOFs included Description
Reference stimulus XYZ All DOFs
Object stimulus YZ Missing X DOF
Object stimulus XZ Missing Y DOF
Object stimulus XY Missing Z DOF
Object stimulus XYZ Missing DOF
Object stimulus XYZ Missing DOF
Object stimulus XYZ Missing DOF
Object stimulus XYZ Only translational DOFs
Object stimulus Only rotational DOFs

2.2 Listening Test 

2.2.1 Listening test methodology 

The objective was to determine whether audible differences existed between the 6-DOF auralization and 
the auralizations missing one or more DOFs. The auralizations lacking DOFs were compared to each other 



in order to assess the perceived importance of each DOF. A test method that allows multiple comparisons 
is the MUlti Stimulus test with Hidden Reference and Anchor (MUSHRA) developed by International 
Telecommunication Union [17]. The method was developed for audio reproduction where an unprocessed 
signal with full bandwidth may be used as the reference when the quality of processed or transmitted 
signals is evaluated. In the MUSHRA, the full bandwidth signal is used both as a known and a hidden 
reference. In this study, the auralization including all six DOFs served as the reference sound. The 
MUSHRA approach is most appropriate for evaluating medium or large impairments. This makes the 
method suitable for evaluating auralizations lacking DOFs. In the MUSHRA, anchors are used to provide 
an indication of how the systems under test compare to well-known distortions [17]. Because the objective 
was to compare auralizations (including different numbers of DOFs), no conventional anchors existed and, 
therefore, were not included. As a result, the method was modified into a MUlti Stimulus test with Hidden 
Reference (MUSHR). In the MUSHR, the subject was asked to judge the differences in the sounds 
compared to the reference where 0 is a very pronounced difference and 100 indicate no audible difference. 
Only the stimulus that the subject thought was the hidden reference stimulus was given the value 100. For 
all other stimuli, the difference from the reference is judged on a scale ranging from 0 to 99. The listening 
test was controlled by the subject through a computer interface, shown in Fig. 5. 

Fig. 5: User interface for listening test. 

2.2.2 Listening test 

Because all stimuli were based on hub force and moment recordings from one tire, the original level was 
increased by 6 dB to represent the contribution of structure-borne tire noise from four tires. The playback 
level of the reference stimulus (the auralization including all six DOFs) was 69 dB(A). In order for the 
stimuli to be played through a Head Acoustics HMS IV headphones amplifier, all stimuli were down 
sampled from the measured sampling frequency of 65.5 kHz to 44.1 kHz.  
Each subject was introduced to the listening test with a training session. The training consisted of five 
stimuli: the reference stimulus and four object stimuli randomly selected from the trial session. After the 
training session, the listening test consisted of all nine stimuli listed in Table 1. The duration of each 
stimulus was 5 seconds, and the order of the stimuli was randomized for each subject. The subject was 
free to switch between stimuli in any order and as many times as desired throughout the test. When 
switching between sounds, 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. The computer interface used in the 
listening test is shown in Fig. 5. A total of 26 subjects participated in the listening test, 13 men and 13 
women. All subjects were volunteers with self-reported normal hearing. The mean age was 24.0 years (SD 
6.4 years). 



2.2.3 Analysis of the Listening Test 

The analysis of the listening test results started with finding out how many of the subjects could identify 
the hidden reference stimulus (all six DOFs) from the object stimuli (lacking one or more DOFs). This 
gave an indication of how similarly the stimuli were perceived. A repeated measures ANOVA was 
conducted to determine if auralizations containing different DOFs were perceived differently. In order to 
determine which object stimuli were significantly different from the reference stimulus, eight a priori 
contrasts were defined as the differences between each of the object stimuli and the reference stimulus. 
Because a priori contrasts are defined before the data is collected, the test becomes more powerful than 
post hoc pairwise comparisons. However, the defined a priori contrasts do not test for differences between 
object stimuli. In order to find possible differences between the stimuli lacking one or more DOFs, a full 
pairwise post hoc test was conducted.  

3 Results  

3.1 Spectral Analysis 

3.1.1 Operational hub forces  

The magnitude spectra of recorded forces and moments in each DOF are shown in Fig. 6. This was done 
to determine whether magnitude differences existed between DOFs. The magnitude of the lateral force 
(Fy) is up to a factor of 10 lower than the longitudinal force (Fx) and the normal force (Fz) magnitudes for 
frequencies less than 100 Hz. All translational DOFs have approximately the same magnitude in the 
frequency range 100–350 Hz. In the frequency range 350–450 Hz, the normal force (Fz) is up to 10 times 
higher in magnitude than the longitudinal force (Fx) and the lateral force (Fy).
The magnitudes are similar for all rotational DOFs in the frequency interval 40–150 Hz. Above 150 Hz, 
the magnitude of the overturning moment (M ) is highest followed by the aligning moment (M ) and the 
rolling moment (M ).

Fig. 6: Spectra of the recorded longitudinal (Fx), lateral (Fy), and normal (Fz) forces (left) and overturning 
(M ), rolling (M ), and aligning (M ) moments (right).  

3.1.2 Binaural transfer functions (BTFs) 

Figure 7 shows the measured BTFs to the left ear. Magnitude differences can be seen when comparing 
translational DOFs below 60 Hz. When comparing rotational DOFs, the tire aligning moment ( -direction)
has a lower magnitude above 80 Hz compared to the other rotational DOFs. 



Fig. 7: Transfer functions (H) from forces (left figure) and moments (right figure) to left ear (pL) of the 
artificial head.  

The quality of the BTFs was evaluated by estimating the multiple coherence from the measured spectral 
quantities in equation (8). For each frequency line, the multiple coherence describes the linear dependence 
between all inputs and one output. The linear dependence is normalized so that the multiple coherence 
function satisfies the condition 1)(0 2

: finout , where the value 1 means that the entire output 
originates from the inputs [15]. The spectral quantities were measured with excitation in all DOFs of the 
hub simultaneously using a random noise (0–1600 Hz). Because all inputs (forces) were used 
simultaneously, the linear dependence between inputs was conditioned out so that all inputs could be seen 
as mutually uncorrelated. Conditioned spectral quantities were calculated from the unconditioned spectral 
quantities. The inputs were ordered after the magnitude (frequency line by frequency line) of the ordinary 
coherence function. To evaluate the quality and noise in the measurement, the partial coherence functions 
were summed into the multiple coherence function. The complete procedure for deriving multiple 
coherence functions can be found in the work of Bendat and Piersol [15, 16].  
The multiple coherence functions from all force inputs to the left and right ears of the artificial head can 
be seen in Fig. 8. The low coherence for frequencies less than 22 Hz is due to the high-pass filters in the 
artificial head. In the frequency range 22–95 Hz, clear dips are present. Above 95 Hz, some dips are 
present; otherwise, the multiple coherence is close to 1.  

Fig. 8: Multiple coherence functions from the force transducer to the right and left ears of the artificial 
head.



3.1.3 Sound stimuli 

The magnitude spectra of the sound pressure level at the left ear of the artificial head can be seen in Fig. 9. 
The amplitudes of the translational DOFs are in the same region. However, for rotational DOFs, the 
overturning moment (M ) dominates. Depending on the frequency range, the magnitudes of the aligning 
moment (M ) and the rolling moment (M ) overlap.   

Fig. 9: Spectra of the auralized sound at the left ear of the artificial head for each DOF (pLFx, pLFy, pLFz,
pLM , pLM , and pLM ).

3.2 Listening test  

The number of times each stimulus was judged as being the reference stimulus is shown in Table 2. 

Table 2: Number of times each stimulus was judged as being the reference stimulus.

DOFs included XYZ YZ XZ XY XYZ XYZ XYZ XYZ
Number of times each
stimulus was perceived 14 2 1 2 0 3 4 0 0
as the reference stimulus

As can be seen in Table 2, the reference stimulus was identified by 14 of 26 subjects. Therefore, all 
subjects did not identify the reference stimulus. However, the object stimuli were still different enough 
from the reference stimulus that most subjects could identify it. To visualize the listening test data, a 
boxplot of the preference data from the listening test is shown in Fig. 10.  



Fig. 10: Box-and-whisker plot of the similarity ratings from the listening test for the reference stimulus 
(all six degrees of freedom, DOF) and the object stimuli (missing one or more DOFs). The median is 

marked as a horizontal line within the box, and the length of the box is the sample interquartile range. The 
average value is shown as a plus sign. Outliers that are more than 1.5 times the length of the box are 
marked as a square. Extreme values that are more than 3 times the length of the box are marked as a 

square with a plus sign. 

From the listening test data, Mauchly’s test indicated that the assumption of sphericity had been violated 
( 2(35) = 81.95, p >.05). Therefore, the DOFs were corrected using Greenhouse-Geisser estimates of 
sphericity (  = .615). The results show significant within-subject differences between similarity ratings for 
the different stimuli (F(4.922, 123.05) = 116.956, p < .05).  

3.2.1 A priori contrasts 

Tests of a priori contrasts are shown Table 3. It can be seen that all but two pairwise comparisons were 
significant (p < .05). The differences in sound after removing the normal force (Fz) or the aligning moment 
(M ) from the other DOFs were not audible.  

Table 3: Results for within-subject contrast tests. 

Degrees of Freedom Mean
Difference F(1,25) Sig.b r 

XYZ  vs. 

YZ  7.423* 10.478 .027 .543 

XZ  8.962* 11.1 .021 .555 

XY  12.615 7.313 .097 .476 

XYZ  72.577* 267.939 .000 .956 

XYZ  8.423* 10.601 .026 .546 

XYZ  8.462 6.272 .153 .448 

XYZ 40.692* 71.843 .000 .861 

 75.615* 449.931 .000 .973 
*. The mean difference is significant at the .05 level. 
b. Adjustment for multiple comparisons: Bonferroni. 



3.2.2 Post hoc contrasts 

Contrasts found to be significant (p <.05) in the post hoc test are shown in Table 4. 
Table 4: Significant pairwise comparison 

Degrees of Freedom Mean
Difference

Std.
Error Sig.b

95% Confidence Interval 
for Differenceb

r
Lower 
Bound 

Upper
Bound 

XYZ  vs. 

XYZ  72.577* 4.434 .000 56.636 88.518 .956

XYZ 75.615* 3.565 .000 62.798 88.432 .973

 40.692* 4.801 .000 23.431 57.953 .861

Yz  vs. 

XYZ  65.154* 4.386 .000 49.386 80.922 .948

XYZ 68.192* 3.6 .000 55.249 81.136 .967

 33.269* 4.161 .000 18.309 48.229 .848

XZ  vs. 

XYZ  63.615* 3.685 .000 50.367 76.864 .961

XYZ 66.654* 3.361 .000 54.569 78.739 .970

 31.731* 4.425 .000 15.82 47.641 .820

Xy  vs. 

XYZ  59.962* 4.718 .000 42.998 76.925 .931

XYZ 63.000* 4.364 .000 47.309 78.691 .945

 28.077* 4.305 .000 12.598 43.556 .794

XYZ  vs. 

XYZ  -64.154* 4.441 .000 -80.121 -48.187 .945

XYZ  -64.115* 4.358 .000 -79.785 -48.446 .947

 -31.885* 4.452 .000 -47.89 -15.88 .820

XYZ  vs. 
XYZ 67.192* 3.898 .000 53.179 81.205 .960

 32.269* 4.216 .000 17.11 47.428 .837

XYZ  vs. 
XYZ 67.154* 3.446 .000 54.764 79.544 .969

 32.231* 3.669 .000 19.039 45.423 .869

XYZ vs.  34.923* 4.149 .000 20.004 49.842 .860

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

It can be seen that the data is divided into three homogenous groups. The first group contains the stimuli 
with the following DOFs: XYZ , YZ , XZ , XY , XYZ , and XYZ . The second group 
includes only the stimulus . The third group includes the stimuli XYZ  and XYZ that lack the -
DOF. These groups are also clearly shown in the boxplot in Fig. 10. 

4 Discussion 

In this study, operational hub forces were recorded in six DOFs on an Audi A4, and the BTFs were 
measured on a SAAB 9-3. It was not possible to take the measurements on the same car. Using different 
cars implies that the same boundary condition of the hub is not used for recording hub forces and moments 
as for measuring the BTFs from the hub to the artificial head. However, this paper gives insight into which 
DOFs are perceived as most prominent in structure-borne tire noise, but the results must be treated with 
some care.  



Measuring forces and moments accurately requires the measurement system to behave as a rigid body 
over a sufficiently large frequency range. For structure-borne tire noise, this frequency range extends up to 
500 Hz. This is a demanding requirement, especially for rotational DOFs. When observing the magnitude 
spectra shown Fig. 6, no clear resonance frequencies of the load cell can be seen. However, even if a peak 
were present, it would be hard to determine if it originates from the load cell for such a complex system as 
the wheel and suspension of a car. 
In Fig. 6 and Fig. 9, magnitude spectra of forces and sound pressures are shown. When all magnitudes are 
in similar ranges, it is very hard to draw conclusions solely from these figures about which DOFs are 
perceived as prominent. This highlights the importance of using the listening test to evaluate the perceived 
importance of each DOF. 
From the post hoc test in Table 4, it is clearly shown that removing the overturning moment (M ) is 
perceived as the most prominent difference. Removing the overturning moment gave the same perceived 
difference as removing all rotational DOFs (i.e. only listening to the translational DOFs). In this study, 
removing rotational DOFs gave a larger audible difference than removing all translational DOFs. This 
should be considered before disregarding rotational DOFs in structure-borne tire noise auralizations.  
Tests of the a priori contrasts in Table 3 showed that removing one DOF (the longitudinal force, Fx; the 
lateral force, Fy; the overturning moment, M ; or the rolling moment, M ) gave audible changes in interior 
sound compared to including all six DOFs.  

5 Conclusions 

This study investigated how different DOFs of hub forces and moments affect the perceived structure-
borne tire noise in the cabin of a car. An auralization including all six DOFs was compared against 
auralizations lacking one or more DOFs in a listening test. Results from the listening test showed that 14 
of 26 subjects could identify the stimulus including all six DOFs from stimuli lacking one or more DOFs. 
When one DOF was removed, the audible differences became large enough for most subjects to perceive, 
but the differences were still not large enough for everyone to hear. It was found that removing either only 
the normal force (Fz) or only the aligning moment (M ) did not cause audible differences in interior sound. 
Therefore, these were considered to be the least prominent directions. The overturning moment (M ) was 
perceived as the most prominent direction. Removing the overturning moment from all six DOFs was 
perceived the same as removing all rotational DOFs (i.e. only listening to the translational DOFs). In 
addition, it was found that removing all rotational DOFs resulted in larger audible differences than 
removing all translational DOFs. Therefore, rotational DOFs should not be disregarded in tire noise 
auralization. The results presented here suggest which DOFs are most important to consider in tire and 
vehicle sound design.  
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