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Abstract 
 

Noise, Vibrations and Harshness (NVH) characteristics are becoming ever more significant in 

today’s vehicle manufacturing industry. Similar to good vibration and harshness characteristics, 

the perception of a vehicle’s quality is enhanced by a well sounding vehicle interior.  
 

This study’s main aim was to develop objective equations to directly optimise interior sound 

quality of light commercial vehicles ( ½ ton LCVs) on the South African market. The effects the 

noise of the engine, the wind and road/tyre interaction during steady-state conditions have on 

the interior sound quality of eleven comparable vehicles was investigated with the aid of a 

binaural head. Steady-state condition in this content refers to the fact that vehicles were tested at 

constant speeds, no acceleration involved. A strong emphasis was laid on the influence road 

noise has on the interior sound quality of LCVs.  
 

Other objectives for the thesis were, to provide a method to benchmark the interior SQ of LCVs 

and to develop target values for objective metrics for these vehicles. Establishing a 

comprehensive literature survey formed another objective of this study. It seeks to provide a 

summary of the modern SQ analysis procedure and the findings of a number of studies. The 

survey also presents an opportunity to compare this thesis’s results with previous studies. A last 

objective was to develop a list of possible hardware modifications that would improve the 

vehicle interior sound quality, influenced by different noise sources.       
  

A strong correlation between vehicle and engine speed and Zwicker loudness as well as Aure 

sharpness was found, for all test conditions. The road surface roughness was observed to also 

have a strong influence on the objective metrics of vehicle interior SQ. Loudness was found to 

be around 25% higher and sharpness around 5.6% lower in vehicles driving on rough tar roads 

than on smooth roads. 
  

Good correlations between a newly developed metric (the SPF), an equation in Zwicker 

loudness and Aure sharpness, and subjective ratings was obtained for a number of test 

conditions. Four objective equations, as well as target values for loudness and sharpness have 

been developed to objectively optimise the sound quality of LCVs. Benchmarking interior 

sound quality utilising the developed equations, will ensure continuous improvements in the SQ 

sector for future LCVs. 
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Opsomming 
 

Die invloed van geraas, vibrasies en hardheid (NVH, Eng: Noise, Vibrations and Harshness) word al 

hoe meer belangrik in die motorvervaardigingsindustrie. Net soos goeie vibrasies en hardheid 

karakteristieke in ŉ voertuig, verbeter ŉ aangename akoestiese atmosfeer in 'n voertuig ook die 

gevoel van gehalte van die voertuig. Die hedendaagse motorvoertuigkopers verwag nie net ŉ 

innoverende gestileerde, ekonomiese en kragtige voertuig nie, maar al hoe meer ŉ voertuig met 

goeie interne klankeienskappe. Hierdie goeie interne klankeienskappe word klankkwaliteit (KK) 

genoem. Klankkwaliteitingenieurs fokus hulle aandag vandag daarop om metodes te ontwikkel om 

die interne klankkwaliteit van voertuie objektief te optimeer. Die beste metode daarvoor aangewese 

is om maatstawwe te stel (Eng: Benchmarking), maar nog geen metode is ontwikkel wat sonder 

subjektiewe evaluasie klankkwaliteit kan optimeer nie. 
 

Dié studie se fokus is om ŉ metode te ontwikkel om interne klankkwaliteit in ligte kommersiële 

voertuie (LKVs) op die Suid-Afrikaanse market objektief te kan optimeer. Vir hierdie doel 

ondersoek die studie die effek wat geraas van die enjin, die wind en interaksie tussen die bande en 

die padoppervlakte, op die interne KK van elf vergelykbare voertuie het. Die fokus van die studie is 

op die effek wat padgeraas op die klankkwaliteit van LKVs het.  
 

Ander punte wat die tesis aangespreek het is, is om ŉ metode te ontwikkel om maatstawwe te stel 

vir die interne KK in LKVs en hoe om doelwitte vir objektiewe maatstawwe vir hierdie klanke te 

stel. 'n Volledige literatuurstudie is ingesluit in die tesis om resultate van hierdie navorsing met 

vorige pogings te vergelyk. Ook poog die literatuurstudie om al die metodes en moontlike 

verbeterings in die gebied van interne klankkwaliteit saam te bring in een dokument. Die 

literatuurstudie sluit af met ŉ hoofstuk waar probleemklanke in voertuie en moontlike oplossings 

daarvoor, bespreek word. 
 

ŉ Goeie korrelasie tussen voertuig spoed en twee objektiewe maatstawwe, Zwicker luidheid en Aure 

skerpheid, is gevind in die studie. Die padoppervlak grofheid het ook ŉ baie sterk invloed op interne 

klankkwaliteit. Die toetsvoertuie is op ŉ growwe en op ŉ gladde teerpad getoets. Daar is gevind dat 

luidheid 25% hoër en skerpheid 5.6% laer is as voertuie op growwe teerpadoppervlaktes ry.  
 

ŉ Goeie korrelasie is ook gevind tussen ŉ nuut ontwikkelde objektiewe maatstaaf, die SPF, 'n 

formule wat bestaan uit Zwicker luidheid en Aure skerpheid, en subjektiewe evaluasies vir ŉ 

verskeidenheid toets-toestande. Vier objektiewe formules as ook doelwitte vir luidheid en skerpheid 

in die interne klanke van toekomstige LKVs is ontwikkel in die studie. Groot verbeteringe in interne 

klankkwaliteit word verwag as hierdie formules toegepas word vir die maatstawwe stel metode en 

ontwerp van toekomstige ligte kommersiële voertuie. 
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Nomenclature 

 

dB(A)   –  Sound pressure level, decibel with A-weighing filter 

FS   –  Fluctuation strength in a sound 

F1   –  frequency of sample sound 

FS10   –  10 percentile Zwicker fluctuation strength  

FSBBN   –  Fluctuation strength for broad band noise 

Fcentre   –  Centre-frequency of  tone / sound 

LBBN  –  level of broad-band noise 

m  –  modulation factor 

N   –  (Total) Zwicker loudness  

N' (z)   –  Specific Zwicker loudness per Bark 

N10   –  10th percentile Zwicker loudness  

P   –  Pleasantness sensation of a sound 

Po   –  Reference pleasantness sensation of a sound 

Pref  –  Reference sound pressure level 

R   –  Roughness of a sound  

Ro  –  Reference roughness of a sound 

R2
  –  Least square estimate 

R2
all  –  Correlation coefficient for all seven subjectively tested vehicles 

R2
FS  –  Correlation coefficient for fluctuation strength 

R2
combined   –  Correlation coefficient for the loudness and sharpness combination 

R2
LCV  –  Correlation coefficient for only the five LCVs subjectively investigated 

R2
N  –  Correlation coefficient for loudness 

R2
Sh  –  Correlation coefficient for sharpness 

Sh   –  Sharpness of a sound  

Sh10   –  10th percentile Aure sharpness  

Sho   –  Reference sharpness of a sound  

SPF   –  Subjective pleasantness factor (correlation parameter) 

SPF_Aall  –  Subjective pleasantness factor for annoyance (all vehicles) 

SPF_ALcv  –  Subjective pleasantness factor for annoyance (only LCVs) 

SPF_Lall  –  Subjective pleasantness factor for luxury (all vehicles) 

SPF_LLCV  –  Subjective pleasantness factor for luxury (only LCVs) 

SPF_Nall  –  Subjective pleasantness factor for subjective loudness (all vehicles) 

SPF_NLcv  –  Subjective pleasantness factor for subjective loudness (only LCVs) 
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SPFroad noise  –  Subjective pleasantness factor for road noise in general 

SPL    –  Sound pressure level   

T   –  Tonality of a sound 

z   –  Bark (narrow frequency band, ≈ 20% of Fcentre, similar to 1/3 octave band) 

 

ANC   – active noise control 

B&K   – Brüel & Kjaer Ltd 

CAE   – Computer aided engineering 

DV   – Dependent variable 

DAT    – Digital audio tape   

HATS    –  Binaural head and torso simulator  

IV   – Independent variable 

LCV    – Light commercial vehicle   

NVH    – Noise, vibration and harshness   

Mike     –  B&K binaural head and torso simulator used in this study 

Matlab    –  Mathematical software package 

S&R      –  squeaks and rattles 

SQ      –  Sound Quality (method) 

SigLab    –  Data acquisition software package 

St     –  Road tests performed in Stellenbosch 

Pr     –  Road tests performed in Pretoria 

wav     –  Type of sound file 

WOT     –  Engine running at wide-open throttle 

SSQTOOL    –  Software capable of calculating objective metrics 

Sub1 → Sub16   –  ID of subjects that were tested 

TC1 → TC7    –  Objective test conditions ID  

PCT1 → PCT5   –  Paired comparison test conditions ID  

SDT1 → SDT3   –  Semantic differential test conditions ID  

V1 → V7    –  Vehicle ID for subjective tests 

VA → VK    –  Vehicle ID for objective tests 

 
∆L   –  masking depth 
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1. Introduction  
 

Established vehicle manufacturers experienced a strong increase in competition during the last 

few decades. This new competition comes as a result of all manufacturers broadening their 

model range as well as from upcoming South-East Asian manufacturers, that put pressure on an 

already highly contested market. Today, most vehicle-manufacturers employ similarly effective 

procedures to ensure high quality product output of sophisticated and mechanically reliable 

vehicles. Therefore, leading manufacturers are refining the Noise, Vibration and Harshness 

(NVH) characteristics of their vehicles, as they seek new ways to distinguish their product on 

the market [6]. This lead today’s customers to not only expecting vehicles to be innovatively 

styled and built, sophisticated and powerful, but importantly to sound 'right' [6]. Sound Quality 

(SQ) engineers are currently focusing their attention on objectifying the SQ testing procedure to 

allow for direct optimisation of the vehicle interior sound quality, employing benchmarking. 

The final step then remaining in the benchmarking procedure for vehicle’s interior sound 

quality, is to link objective sound metrics to the design of physical vehicle components [6]. 
 

Design teams in established vehicle manufacturing companies generally consider the three 

attributes of NVH together, when designing a new vehicle [6]. However, smaller companies and 

research groups may investigate these factors individually, as this makes the research financially 

feasible for them. NVH is a whole research and design field in its own right and shall not be 

discussed in great detail here, more information is given in [24, 40]. This study investigates the 

interior sound quality (SQ) of vehicles and therefore focuses only on the noise attributed of 

NVH. This study furthermore focuses on one type of vehicle, the light commercial vehicles      

(½  ton LCVs) on the South African market.  
 

Traditionally, vehicles’ interior sound quality was only associated with the sound pressure level 

(SPL) in the vehicle interior [5, 6]. The SPL was introduced in the 1950’s [4] and is still used 

extensively today, mostly with the A-weighing scale (dB(A)). NVH-design-engineers tended to 

concentrate their efforts on reducing the SPL, without considering the actual quality of the 

sound present in the vehicle cabin [5]. These efforts led to significant reductions in SPL in 

vehicle cabins, such as: The margin between the noisiest and quietest competitor in the luxury 

vehicle segment (at 90 km/h) was reduced from 5 dB(A) in 1980 to only 2 dB(A) in 2001 [10]. 

As well as an 52% reduction in interior SPL in an average passenger vehicle (at 90 km/h) by 

dropping this level from 72 dB(A) in 1980 to just 66 dB(A) in 2000 [10].  
 

Any further reduction in sound pressure level proved unable to improve subjective perceptions 

of vehicle interior sound [21], as good sound quality is achieved if a vehicle sounds suitable for 
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its use [6]. Therefore, the actual quality of the sound present in the interior of a vehicle has 

become an important factor, as today’s customers use the interior sound quality of a vehicle as 

an assessment for overall vehicle quality [6].  

 

As stated before, a product has to sound right for its intended purpose [10]. This ‘sounding 

right’ has been developed into a science, known as Sound Quality (SQ), by leading vehicle 

manufacturers over the last two decades [9]. However, SQ assessment is a complex field of 

study as the human hearing is non-linear and people have unique sound expectations for each 

type of vehicle. The method utilised to asses vehicle interior sound quality is described shortly 

in the next paragraph and in greater depth in the next chapter (2.1) 

 

The sound quality (SQ) method starts with the recording of a sound of interest with the aid of a 

binaural head and torso simulator (HATS). Thereafter, a computer program is employed to 

calculate the objective sound quality metrics such as the loudness, fluctuation strength and 

sharpness of the recorded sound samples. Next, customers’ opinions and impressions of the 

recorded interior sounds are obtained by presenting a representative jury with the recorded 

sound samples. This is a time consuming and expensive, but necessary, procedure, as only the 

human is capable of deciding if a sound is pleasant and sounds ‘right’ for its product  [4, 6, 7 

and 10]. The final step and ultimate goal of the SQ procedure, is the correlation between the 

objective metrics and the subjective ratings of the tested sounds. A meaningful correlation 

enables the design engineer to rate the interior sound quality of similar vehicles with only a 

limited or even without any jury tests [6]. Figures 2 and 11 display the SQ procedure. 

  

Leading car manufacturers such as Ford, GM, VW, Mercedes and Toyota have first introduced 

benchmarking interior sound quality in the late 1980’s [6]. This strongly improved the interior 

sound quality of especially the luxury vehicle segment. In 1999 the Danish acoustics companies 

Bang & Olufsen and Brüel & Kjær together with the knowledge centre DELTA approached the 

Aalborg University to do some systematic research in this field [27]. They developed, among 

other things, the standard to determine loudness [sone] in the SQ procedure. 
 

The definition of sound quality (SQ) in this study covers: 

• The quality of a sound, i.e. the subjective attribute a person associates with a sound, such 

as harsh, smooth, quiet, luxurious, annoying, etc.  

• The suitability of a sound for the specific product, i.e. a sporty exhaust sound for a sports 

car, a deep engine growl for a V6 pick-up, etc. 

• The quality (value) perception a customer gets of the vehicle, for example how 

expensive, reliable or durable does the vehicle sound. 
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Whereas, the SQ method, refers to the actual method developed by vehicle manufacturers to 

determine their vehicle’s sound quality and is discussed in detail in chapter 2.1. 
 

There are numerous factors influencing the SQ in the passenger compartment of a vehicle. 

However, all of them can be divided under the three main noise categories, being road/tyre 

interaction, engine/exhaust noise and aerodynamic/wind noise [7]. A lot of work has been done 

to reduce these structure-borne noises, which radiates into the cabin, jeopardizing the interior 

sound quality and driving comfort of the vehicle [7]. The contribution of these main sources to 

the total noise, as recorded in the cabin of an average passenger vehicle is displayed in figure 1. 

 

Figure 1: Breakdown of noises as recorded in an average sedan vehicle cabin [7] 

 

The interaction of road and tyre produces a rough, low-frequency and non-harmonic noise. 

Road noise is linearly dependent on vehicle speed and forms the dominant noise source in the 

medium speed range (80 - 120 km/h) [7]. This noise and its propagation into the cabin depends 

on countless factors, for example the type, dimension, load and inflation pressure of the tyres, 

the type of suspension system, vehicle speed, the dimension of the wheel arch and cabin, chassis 

stiffness as well as materials utilised for noise and vibration insulation. More information on 

this noise source and possible improvements are provided in section 2.4.2. 
 

This study pays special attention to the influence of road/tyre noise on the interior sound quality 

of a vehicle. This decision is mainly due to the fact that Southern Africa has rough tar roads 

(used for better drainage purposes), as well as vast numbers of dirt roads. These cause 

unpleasant driving experiences, as people travel long distances, at constant and high speeds on 

these rough roads. A second reason for the study’s focus on road noise is, the fact that only a 

limited number of articles have been published on this topic to date, none of which on LCVs.  
 

Engine noise is most apparent, and most disturbing in terms of interior sound quality, at low 

speeds (<80 km/h) and high engine speed (<3000 rpm) [15]. These noises are generally 

harmonic and relatively low in frequency. The sort of noise produced and the way these noises 

propagate into the vehicle cabin depends on numerous factors. Some of these are, the design of 
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the exhaust, the air intake system and engine mounts, engine and vehicle speed, the insulation 

material of the firewall, between engine-bay and cabin, the shape and size of the cabin as well 

as seals and design of doors and windows [12, 15]. More information on this noise category and 

possible improvements for this is provided in section 2.4.1. 
 

Aerodynamic noise is the dominant noise source influencing interior sound quality in vehicles 

travelling at high speeds (>100 km/h). These noises tend to be high-pitched and have a strong 

high-frequency content. There are a number of factors determining the magnitude of these 

noises and their propagation into the vehicle cabin. These are for example, cross wind speed, 

vehicle speed, the design of the air intake, doors and window design, dimensions of the vehicle, 

cabin and side-mirrors as well as door and window seal types [13 and 14]. More information on 

this noise category and possible improvements for this is provided in section 2.4.3. 
 

As mentioned before, NVH research efforts have generally led to quieter car interiors. For this 

reason, noises produced by electric windows or sunroofs for example, which were previously 

masked by engine or aerodynamic noises, may now be revealed. These noises may be 

experienced as irritating and may cause an overall degradation in interior sound quality [7]. 

Therefore, NVH-engineers are continuously faced with new challenges as they have to reduce 

newly exposed noises. This effect is referred to as the “draining the swamp” effect [7]. 

Indicating the upward struggle design-engineers face as well as the impossibility to reduce 

interior loudness values infinitely (as a swamp can hardly be drained completely). 
 

This study’s main aim was to develop an objective criteria to optimise the interior sound 

quality of light commercial vehicles (½ ton LCVs) on the South African market. The effects 

the noises of the engine, the wind and road/tyre interaction have on the interior sound quality of 

eleven comparable vehicles were investigated, with the aid of a binaural head. A strong 

emphasis was laid on the influence road noise has on the interior sound quality of LCVs. The 

decision to investigate the interior SQ of LCVs was made as a South African vehicle 

manufacturer indicated an interest in such a study and offered assistance for such a project.  
 

Other objectives of this thesis were: 

• Provide a method to benchmark the interior SQ of LCVs, 

• Develop objective metric target values for these vehicles,  

• Develop a list of possible hardware modifications that would improve the interior SQ. 

• Included a comprehensive literature survey, which provides a summary of the modern 

SQ analysis procedure and to compare this study’s results with previous findings.      
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Benchmarking has proven effective in nearly every aspect of today’s vehicle manufacturing. To 

meet increasing customer demands, this method could also ensure continuous improvement in 

the field of SQ in particular. Another advantage of benchmarking is, that a good understanding 

of the process is generally present in the industry, making it convenient to utilise. A procedure 

to benchmark interior sound quality of LCVs was developed in this study, aimed at ensuring 

continuous improvement in this segment. This procedure holds the advantage that future NVH 

design-engineers benchmarking similar vehicle’s interior sounds could do so by only 

performing objective SQ analysis on these vehicle’s interior sounds. This will reduce total 

design-time of a vehicle, decreasing model replacement time and thereby potentially improving 

profitability. 
 

The project consisted of  two phases which were the recording and analysis of sound samples 

for the SQ method and benchmarking the interior SQ in LCVs. The first step in the recording 

and analysing phase was to obtain a set of sound samples revealing road, engine and 

aerodynamic noises in the eleven test vehicles. These recorded sounds were then analyzed both 

objectively, by a computer program, and subjectively, by a jury. The final step in the SQ 

analysis is the correlation of the obtained subjective ratings with the objective metrics produced 

by these sounds. This correlation was used to develop an objective equation to predict expected, 

accepted and preferred interior sounds in LCVs. 
 

The benchmarking phase consisted of setting targets for the objective sound quality metrics 

based on subjective evaluation of the presented sounds. These targets were then utilised to 

benchmark LCVs’ interior sound quality for future vehicles. A new objective metric, the SPF, 

which is a combination of loudness and sharpness, was developed and was used to benchmark 

future LCVs’ interior sound quality. A list of possible hardware changes that will improve 

interior acoustic parameters of LCVs was developed (section 2.4).    
 

This research study was conducted under the guidance and supervision of Prof J.L. van Niekerk 

and is in partial fulfilment of the requirements for the Masters degree of Mr J. von Gossler. 
 

The next chapter consists of the literature survey on the Sound Quality method as well as on 

benchmarking procedures in the vehicle industry. It concludes with a section on possible 

improvements regarding road, engine and aerodynamic noises. Chapter 3 discusses the 

experimental set-up used in this study. Chapter 4 comprises of experimental results and findings 

and chapter 5 discusses the benchmarking and target-setting procedures utilised during this 

thesis. Finally, chapter 6 consists of the conclusions and recommendations of this study. 
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2. Literature Survey 

 

A comprehensive literature survey on the field of interior sound quality (SQ), benchmarking, 

target setting as well as possible improvements on vehicle SQ was conducted. The main aim for 

this was to combine and summarise a wide variety of ideas and procedures on these topics, 

especially SQ. The survey was structured under the following headings:  

2.1. The method of Sound Quality (SQ), consisting of: 

2.1.1.  Sound recording  

2.1.2.  Objective SQ metric analyses  

2.1.3.  Subjective jury rating  

2.1.4.  Correlation between the subjective and objective evaluation criteria  
 

2.2. Benchmarking in vehicle development  

2.3. Target setting procedures  

2.4. Possible NVH design improvements  

 

2.1. The Sound Quality method as used in NVH 
 

What we think we hear is a complex mix of the actual complex combination of physical 

vibration arriving at our pinna (outer ear), what we could see at the time and even what we 

expect to hear. Sound therefore cannot be described solely by an externally measurable 

phenomenon, such as the loudness it produces [12]. The human hearing system not only 

registers the loudness level of a sound but also its amplitude density, spectral composition and 

time structure [1]. This makes sound quality research difficult. The quality of a sound can only 

be determined by the human brain, therefore all of these psychological effects, along with 

psychoacoustic parameters, that had an effect on the sound, have to be considered. Only then is 

it possible to deduce how a person might respond to or experience a given sound [1]. 
 

As stated before sound quality relies heavily on subjective opinions and not only on objective 

measurements of sound properties such as sharpness, loudness and fluctuation strength. This 

seems a long shot from scientific research and engineering practice. There are, however, a 

number of metrics today on which all people agree with which sound can be characterised [5]. 

Up until the late 1970’s, NVH-engineers relied only on the sound pressure level (SPL), the A-

weight scale dB(A), as a measure of interior sound success. Engineers did not actually listen to 
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the results of their noise control efforts [6]. Today sound quality engineers seek to predict the 

experience of a specific sound on a listener by considering a number of additional metrics. 

These include Zwicker loudness, sharpness, fluctuation strength and tonality. By including these 

metrics in the SQ process, vastly more accurate results, than in the past, are obtained [6]. 

 

The logic behind performing SQ testing and particularly the correlation between objective 

metrics and subjective ratings, centres on the concept that it could be possible to replace the 

subjective testing and correlation with mere objective characterizations of the stimuli [5]. This 

would eliminate or at least reduce the need for subjective testing, which is a costly aspect in 

terms of time, equipment, facilities and general logistics. Developing a reliable replacement for 

subjective testing by obtaining good correlations with objective metrics would greatly reduce 

the time needed to optimise interior sound quality for vehicles [3]. 

 

Most of the analysing procedures and objective SQ metrics have been standardised by 

universities and leading car manufacturers, which have been active in modern sound quality 

research since the early 1980’s [6]. A standard procedure known as Sound Quality Process [6] is 

one of the methods used to investigate and improve SQ in vehicles, which consists of four 

components, namely (see figure 2): 
 

• Recording sound samples, with a binaural measurement system, 

• Objective analysis, by calculating SQ metrics, 

• Subjective jury evaluations of  these sounds and 

• Correlation between subjective and objective evaluations.  
 

 

Figure 2: The Sound Quality Process [6] 

 
These four components of the sound quality procedure are described in detail in the next four 

sections (2.1.1 to 2.1.4). 

 

Objective Analysis 

Subjective Evaluation 

1 

2 

3 

4 

Record Correlation 
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This particular Sound Quality process was developed by Ford [6]. They and other leading car 

manufacturers use similar methods to perform three main tasks, namely [6]: 
 

I. Benchmarking and target setting of objective metrics for their products,  

II. Problem solving and re-design of products, and  

III.  Objective metric development.  

The first two aspects are discussed in the next sections (2.2 – 2.4 and chapter 5), while this 

study does not involve itself with the last aspect. 

 

2.1.1. Recording for Sound Quality 

 

The actual listening to the sound produced by the product under investigation forms an essential 

part in the sound quality (SQ) assessment. In most SQ studies this is performed by listening to 

recordings produced by either microphones or a binaural head. As the sound recording forms 

the first step of the SQ analysis the success of the entire process rests on the integrity of the 

initial recordings [3]. It therefore forms the most critical step in the entire SQ process.  
 

There are a number of significant advantages to listen to sound recordings, instead of to the 

original sound [3, 5]: 

• Each listener hears exactly the same sound, no variability due to slight changes in the 

operating conditions are present.   

• The actual sound source, which mostly is a prototype vehicle, is not tied up for long 

periods. 

• The SQ from earlier and competing models can easily be compared to the new 

prototype, by playing the recorded sounds after one-another. 

• Determining small differences between sounds is easier as sounds can be played back to 

a jury right after one-another, without a time wasting switch into another vehicle.  

• Test conditions are identical for all members of the jury, eliminating possible biased by 

outside influences. 

• Brand and model biased are eliminated, as listeners do not know which vehicle’s sound 

is currently presented to them. 
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There are however also a few downsides to this method [3, 5]: 

• Subjects have no visual clues, which would normally contribute to the context in which 

a sound is heard, which may alter people’s response to a stimulus.  

• Vibration inputs are neglected, which may alter the impressions of a sound on a listener. 

• Subjects may disturb or influence each other during a jury panel listening session, even 

as conductors try to minimise these effects by a specific seating order for example.   
 

As mentioned earlier, the sound can be recorded via two methods. Through two condenser 

microphones in the ears of a binaural head and torso simulator (HATS), or by utilising one or 

two instrumentation microphones [5]. The ultimate goal of recordings for SQ is to provide a 

realistic re-production of the sound under investigation. The binaural HATS (see figure 12) is 

preferred in the vehicle industry as it reproduces the vehicle sound environment far more 

accurately [6]. 
  

The superior accuracy of the binaural head is due to its capability to capture stereo sounds and 

the presence of spatial hearing cues [4]. This is because the HATS is shaped similar to an 

average upper human body, including mouth cavity, soft pinna and human like sound reflecting 

properties. However, not even high quality binaural equipment produces a perfect sound re-

production, but they have decisive advantages over microphone recordings, these being [5]:  

• More realistic listing experience if sound is presented via headphones, due to the 

presents of: 

  a.) Inter-aural difference - time difference between sounds received at the two ears,  

     gives directional sense in horizontal plain. 

  b.) Monaural spectral cues – transfer function resulting from shape of pinna, gives  

     directional sense in vertical plain.   

• Sounds of different intensities and frequencies can be presented to each ear and the 

listener would experience this same sensation. An instrumentation microphone on the 

other hand, would merge these two sounds causing the high frequency sounds to be 

masked by the low frequency ones, see section 2.1.2.5. This would result in a very 

different listening experience for the jury. However, to obtain realistic objective results 

from the binaural head recording, both ears have to be objectively analysed separately if 

such a case is encountered. 
 

To ensure accurate and repeatable recordings the procedure as outlined in the Operation manual 

(stored in the vibration lab), as well as by Brüel & Kjaer [25, 29] and J. Oliver [45], should be 

followed. 
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2.1.2. Objective SQ analysis 

 

The objective analysis is the professional analysis of the sound recorded, measuring metrics 

such as loudness (in [dB(A)] and [sone]), sharpness, pitch and fluctuation strength. Since the 

human hearing system is non-linear and quite complex, it is quite hard to model all its 

physiological aspects accurately [3]. In addition, the human hearing responds considerably to 

frequency changes in sounds, but due to the shape of the pinna, low frequency sounds tend to 

mask higher frequency ones [5]. A number of methods are used to analyse sound quality, 

including Fourier Transform analysis, spectrum versus time analysis, n-th octave analysis, order 

tracking, metric calculations, filtering and statistical functions. These are all aimed at 

eliminating the subjections in Sound Quality engineering [4, 5, 8], in order to save time and 

money for the vehicle NVH-design team. 
 

• Fourier Transform (FFT) is the process whereby a finite set of data points is expressed 

in terms of its component frequencies. This is particularly useful for benchmarking and 

re-designs, since comparing two Fourier Transforms quickly reveals where sound’s 

spectral content differs.  
 

• Spectrum versus time analysis plots the magnitude of a desired range of frequencies 

versus time. This is plotted for each instant in time, which is useful in determining 

dominant frequencies present in a sound.  
 

• N-th octave analysis breaks normal octave bands into N number of smaller bands, which 

is useful when analysing certain bandwidths during re-design and for graphic display of 

results.  
 

• Order tracking is used by plotting three-dimensional graphs, which is particular useful 

when plotting engine speed (rpm) versus excitation frequencies, as it reveals engine 

orders mostly excited. This aids in relating sound levels measured to physical processes, 

such as engine firing or unbalances of the crankshaft.  
 

• Statistical methods are useful in determining averages and mean values and are used 

similarly to metric values. 
 

• The usefulness of Filtering is that it allows a sound to be re-analysed after altering a 

problem frequency.  
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• Metric calculations provide numerical values for objective metrics such as loudness, 

sharpness, roughness and fluctuation strength. Together with subjective evaluations, the 

metric results may be used to identify sounds that need to be reduced or amplified. 

Metric calculations are helpful in determining the effectiveness of a design change. 

Sound quality software can be used to provide the SQ-engineer with these objective 

metrics. This method will be the preferred method in this study because of its versatility 

and accuracy. 
 

The four best-known objective SQ metrics are discussed in the following section:  
 

2.1.2.1.   Loudness in [sone]  

2.1.2.2.   Sharpness in [acum]  

2.1.2.3.   Fluctuation strength in [vacil] and Roughness in [asper]  

2.1.2.4.   Tonality, Articulation index [%] and Pitch ratio in [mel]  
 

      Other aspects to be considered when determining SQ metrics are: 
 

2.1.2.5.   Masking  

2.1.2.6.   Non-linearity  
 

In section 2.1.3 the subjective analysis is discussed in more detail. 

 

 

2.1.2.1. Loudness 

 

To understand loudness an understanding of the human hearing system as well as the concept of 

critical bands is necessary [5]. The human hearing system was shortly discussed before and a 

deeper discussion is beyond the scope of this study. More information on this topic is given in 

[1, 2, 4 and 11]. Whereas the critical band is described under Masking (2.1.2.5). 
  

Loudness is the subjective impression of the intensity and magnitude of sound and therefore 

belongs to the category of intensity sensations [1, 5]. The loudness of a sound is a perceptual 

measure of the effect of the energy content of a sound on the ear. The manner in which the 

human mind determines loudness is very complex and highly non-linear, therefore factors such 

as frequency, waveform and duration of the sound have to be considered when determining its 

loudness [1].  
 

Sound pressure level (SPL) is the metric most often used in measuring the magnitude of sound. 

It is a logarithmic relative quantity with a reference pressure (Pref) of 20 µPa, which is 
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considered the threshold of hearing [1]. The square of the sound pressure is proportional to 

sound intensity. SPL is calculated in the following manner, with units of decibels [dB]: 
 

refP

P
SPL 10log20=    [dB]  …..(1) 

 

Doubling the intensity of a sound does not lead to a doubling on the decibel scale, but only an 

increase of 3 dB, which subjectively is experienced as a just-audible difference. On the other 

hand, an increase of 10 dB is subjectively perceived as doubling the loudness of a sound [1, 11]. 
 

Furthermore, perceived loudness is also dependent on the frequency content of a sound, so for 

example a high frequency sound (10 kHz) producing 40 dB would be perceived louder than a 

low frequency (50 Hz) tone producing 40 dB. Loudness depends on many variables such as 

bandwidth, frequency and exposure duration and therefore cannot be approximated by a simple 

weighing such as the A-weighted sound pressure level. Loudness as a dB(A) value gives a fair 

approximation for low loudness levels (<40 dB). However, normal sounds are more at levels 

approaching 70 dB, the dB(A) scale therefore understates everyday sounds experienced [1, 5].  
 

The phon scale, a frequency dependent scale of loudness, was therefore developed by 

Barkhausen in the 1920’s to more closely represent loudness over the entire frequency and 

loudness spectrum [1]. A tone perceived equally loud as a 40 dB(A) tone at 1 kHz is called the 

40 phon-line (figure 3). By definition, the phon scale has the same value as the dB scale at         

1 kHz, but compensates for subjective perceived changes in loudness for the rest of the 

frequency spectrum. The threshold in quiet is therefore also equal to 3 dB and not 0 dB [1]. 
 

 

Figure 3: Equal loudness contours for pure tones on the phon and sone scale in a plane   

                  sound field [1]. 

sone 
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The bandwidth of the experienced sound forms another concern when calculating its loudness. 

Studies have shown [7] that sounds with large bandwidths (5 kHz), but with identical A-weight 

sound pressure level are experienced up to 15 dB(A) louder than sounds with very small 

bandwidths (less than 100 Hz) [1, 5]. Zwicker therefore proposed a summation of specific 

loudness [sone] per Bark in order to determine overall loudness more accurately (ISO 532B). 

The Bark is a division of the frequency spectrum similar to 1/3 octave bands, proposed by 

Zwicker [1, 28]. The equation proposed by Zwicker is given as equation (2) here. 
 

 N = ∫ ⋅
24

0

)(' dzzN  [sone]  ..…(2) 

 

  Where N'(z) is the specific loudness [sone] per Bark (z). 
 

The reference value of the sone scale, 1 sone, is a tone producing 40 dB at 1 kHz, see figure 3. 

For increasing loudness, the sone scale behaves identical to the subjective human ear. Therefore, 

doubling its value for every 10 dB increase in sound pressure level (article [1 and 5] give a more 

in-depth discussion).  For the B&K binaural head used in this study, the reference point is taken 

at 94 dB at 1 kHz which is equal to 40.12 sone for calibrations purposes [25]. 
 

Zwicker loudness [sone] was found to correlate well with subjective ratings and is considered 

the single most important metric in today’s SQ analysis [13, 15, 41, 58, 60 and 62]. 
 

Masking and the effect of exposure time to a sound must be considered carefully when 

analysing the Zwicker loudness produced by a sound [1]. Masking may suppress some sounds 

under given situations (more detail is in 2.1.3.5). Sounds experienced shorter than 100ms 

imposes some difficulties when calculating their loudness. However, modern sound 

measurement devices are able to measure sound in slow, fast and impulse modes to approximate 

this characteristic very closely [64].  
 

The equal loudness contours for a diffused sound field, sound are deflected back from objects in 

the surrounding, are different from the contours for a plane sound field [1]. For vehicle interiors, 

a diffused sound field gives a better representation, as the sound is deflected back to the pinna of 

the evaluator from all sides [6].  

 

Literature suggests a good correlation between vehicle speed and Zwicker loudness, as well as 

Aure sharpness, for all types of road surfaces [7, 13, 58].  
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A filter-bank of third-octave-band filters together with electronics to simulate the human 

hearing are used to measure sound pressure level [dB(A)]. The loudness values on the phon and 

sone scale can then be determined with the aid of computer software [39].  

 
 

2.1.2.2. Sharpness 

 

A signal with a great deal of high frequency energy will typically sound more annoying than a 

signal with equal loudness, but without the high frequency content. This high frequency content 

is called sharpness and may jeopardise the interior sound quality of a vehicle. Squeaks and 

rattles are major sources of sharpness in vehicle interiors sounds [5]. 
 

Sharpness is defined as the average pitch of a sound, and is the result of a sound’s spectral 

makeup. The most important parameter influencing sharpness in a narrow-band sound is its 

spectral contents and centre-frequency [1]. 
 

Sharpness can be calculated from the curve representing the loudness of a sound in its spectral 

domain [1, 35]. It is calculated by multiplying the specific loudness spectrum by the product of 

the critical band rate and a function that boosts higher frequencies content [1]. As mentioned 

before, this is to compensate for the fact that high-pitched sounds are more irritating. This 

modified function is integrated and scaled by the unmodified overall loudness of the signal [5].  
 

The reference value for sharpness, 1 acum, is a tone producing 60 dB at a centre-frequency of   

1 kHz [1]. Zwicker and Aure have both developed a formula for sharpness. (unfortunately they 

do not correlate well): 
 

Zwicker 

∫

∫ ⋅⋅
=

Bark

Bark

dzN

dzzzgN

Sh
24

0

24
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Bark

          [acum]    .….(4) 

 

Equations (3) and (4) give the sharpness (Sh) by summing the specific loudness (N' in sone) per 

Bark (z) divided by the total loudness (N). For equation (3), Zwicker’s method, the weighing 

factor g(z) ranges from unity to four over the Bark range. While for equation (4), Aure’s 

method, g'(z) = e0.171z .  Detailed calculations are given in Appendix B and [1, 28, 64]. 
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It is interesting to note that by adding low frequency tones to a sound the centre of gravity of the 

resulting loudness curve is shifted more towards these lower frequencies [1], decreasing the 

sharpness of the resulting sound. Even though the total loudness of the sound will be increased, 

its quality may have been improved by the decrease in sharpness. An alternative to lower the 

overall sharpness of the sound, is to reduce the specific loudness of high frequency tones present 

in the sound [1]. Literature found that if the spectrogram approaches linearity in a narrow band 

the sound quality of the product becomes better [64]. 
 

Sharpness is found to be the second most dominant objective metric and together with loudness, 

the only metrics really having a predictable influence on subjective ratings [15, 41 and 62].  
  

Zwicker proposes another objectively obtainable metric to better describe the quality of a tone, 

strongly dependent on sharpness, known as sensory pleasantness. The relationship between 

relative values of sensory pleasantness (P/Po) and those of sharpness (Sh/Sho), roughness 

(R/Ro), loudness (N/No) and tonality (T/To) is approximated by the following equation [1]: 
 

 

P/Po = e -0.7 R/Ro e -1.08 Sh/Sho (1.24 – e -2.43 T/To ) e -(0.023 N/No)^2  ..…(5) 
 

No standard procedure for the calculation of tonality is developed as yet, therefore the tonality 

has to be subjectively estimated for now [1]. The dependence of relative sensory pleasantness 

on loudness can be viewed in isolation, as sharpness and roughness also depend on loudness. 

Only if loudness is kept constant a relation as shown in equation (5) can be observed [1].  

 

2.1.2.3.     Fluctuation strength and roughness 

Sounds which are modulated generally possess a poor sound quality. Low and high frequency 

modulation have different effects on subjective listeners. Low frequency modulation 

(fluctuation strength) is experienced as a physical change in tone over time, while high 

frequency modulation (roughness) is experienced as a rough sound. Both phenomenon 

fluctuation strength as well as roughness, are sensations that can be considered while ignoring 

other sensations [1, 5].  

Fluctuation strength is created by relatively slow modulations and quantifies subjective 

perception of slower (up to 20 Hz) amplitude modulation of a sound [1]. Fluctuation strength 

may result from a variation and/or modulation of sounds, either in loudness or in frequency [28, 

64]. There are three types of fluctuation strength; amplitude modulated broad-band noise, 
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amplitude modulation of pure tone and frequency modulation of pure tones. Amplitude 

modulation of broad-band noise represents the effects found in vehicles the best [47].  

A reference point, 1 vacil, is defined for a 60 dB at 1 kHz tone which is 100% amplitude-

modulated at 4 Hz . Fluctuation strength (FS) can be computed by the following two equations 

both developed by Zwicker [1] and [28], in terms of the masking depth L∆ (in dB) (which is not 

the same as modulation depth), modulation frequency f mod (Hz), modulation factor m, level of 

broad-band noise LBBN (dB) and specific loudness N' (in sone per Bark). From the first equation, 

(6), it is apparent that fluctuation strength increases quite significantly for an increase in specific 

loudness. It is found that for amplitude modulated broad-band noise the magnitude of the 

masking depth L∆  is largely independent of frequency [1]. Approximate values for L∆ and m 

can be obtained from figures in Zwicker [1].  

 

FS=  
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These two equations (6 and 7) are used to determine fluctuation strength for amplitude and 

frequency modulation for pure tones. Equation (6) is more widely known, however no official 

standard for time dependent changing of loudness has been determined yet [5]. Both fluctuation 

strength and roughness were found to correlate only weakly with subjective ratings [41, 64]. 
 

   FBBN = 
[ ] [ ]
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Equation (8) is a new approach to determine amplitude modulation of broad-band noises 

fluctuation strength, but also does not correlate particularly well with subjective ratings [47]. 
 

A sound varying in loudness that has a recurring frequency of 4 Hz has the highest value for 

fluctuation strength, a drop in magnitude is experienced to both sides of this mark. The common 

belief that any frequency content outside the human hearing spectrum (20 Hz - 20 kHz) plays no 

role in how humans perceive sound is challenged by this metric [1]. The sensation of fluctuation 

strength persists up to 20 Hz, around this point the sensation of roughness takes over [1, 3]. 
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Roughness is created by relatively quick changes produced by modulation frequencies in the 

region of 25 to 300 Hz. There is no need for exact periodical modulation, but to produce 

roughness the modulating frequency has to be in this range [1, 28 and 64]. 
 

The reference value of roughness, 1 asper, is a tone producing 60 dB at 1 kHz that is 100% 

modulated in amplitude at a modulation frequency of 70 Hz [1, 5 and 64]. There are two 

important parameters when determining roughness. For amplitude modulation, these are the 

degree of modulation and modulation frequency. While for frequency modulation, they are the 

frequency modulation index and modulation frequency. For modulation-frequency, values 

higher than one asper are not meaningful, while frequency modulation can produce much larger 

roughness values (maximum is around seven asper). The roughness metric has not yet been 

standardised and there are several proposed methods of calculation. Two of the proposed ways 

to calculate roughness are given here. Equation (9) is given in terms of modulation frequency    

(f mod  in Hz) and temporal modulation depth (∆L(z) in dB per Bark (z)). 
 

R =   ∫ ⋅∆⋅
Bark

dzzLf
24

0

mod )(3.0           [asper]      .….(9) 

Or R =   ∫ ⋅∆⋅

Bark

dzLfcal
24

0

mod                [asper]      .….(10) 

Equation (10) is given in terms of a calibration factor, cal, modulation frequency (f mod  in Hz) 

and  perceived masking depth (∆L), which is smaller than the objectively measured modulation 

depth [1]. It is difficult to accurately quantifying ∆L as it is a subjective phenomenon. A 

subjective estimate of perceived masking depth (∆L) is shown in figure 4 [64]. For roughness, 

calculating the ∆L values should be transferred into the corresponding variation of specific 

loudness, as this makes programming more accurate [1].     

 

Figure 4: The effect of subjective duration on rapid amplitude modulated sound. 

 

Perceived masking 
depth 

Modulation depth 
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Maximal roughness is found to be at increasingly lower modulation frequencies when the 

carrier frequency is below 1 kHz, with a maximum at around 70 Hz [1]. A just noticeable 

difference level in roughness is estimated to be 17% [1, 64]. For amplitude-modulated 1 kHz 

tones and modulation frequency of 70 Hz, the threshold of roughness is reached at about 0.07 

asper. As 1 asper is close to the maximum roughness for amplitude-modulated roughness, there 

are only around 20 audible steps of roughness throughout the range [1]. Roughness has been 

used in the calculation of an unbiased annoyance metric [28], but is only found to weakly 

correlate with subjective ratings [41, 60]. 

 

2.1.2.4.     Tonality, Articulation index and Pitch 

 

Generally, the presence of dominant tones in sounds is associated with poor sound quality, but 

this is not universally true. For instance, the deep ‘growl’ of an exhaust may be seen as 

improving SQ if the vehicle is a sports car. These dominant tones are known as tonality of a 

sound and can be determined by examining the critical band spectrum for impulses and peaks. It 

may be measured by comparing prominence of peaks relative to their neighbouring bands [5]. 

 

Articulation index is a measure indicating the signal to noise ratio (in %) in the conversation 

frequency spectrum (0.5 – 4 kHz) inside a vehicle. A 100% articulation index in the interior of a 

vehicle indicates a perfect conversation index [1, 5]. 

 

Pitch is a subjective ratio measurement of loudness. It is the subjective impression of frequency, 

in the same sense that loudness is the subjective sense of intensity of a sound [30]. As such, 

pitch is a psychoacoustic variable, and the degree of sensitivity shown to it varies widely with 

people. Some individuals have a sense of remembered pitch, that is, a pitch once heard can be 

remembered and compared to others for some length of time. Others have a sense of absolute 

pitch called perfect pitch [30].  
 

The smallest degree of pitch discrimination between two pitches depends on their intensity and 

frequency range. The lowest pitch corresponds to the lowest frequency giving a sensation of 

tone, around 20 to 30 Hz. The highest pitch depends on the highest audible frequency, which 

varies with age and especially noise exposure, but generally is in the range of 15 to 20 kHz for 

younger people [30]. 
  

The sense of pitch depends on the intensity of the tone, below 1 kHz pitch tends to drop with 

increasing loudness, and above 1 kHz tends to rise. A tone must have a certain duration for pitch 
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to be ascribed, if not, it is heard as a “click”. The nature of the spectrum of a complex tone will 

also affect the sense of pitch [30]. Further was it found that the pitch of tones with higher 

loudness but same frequency is lower [2]. 
 

In a very complex in-harmonic spectrum, however, a sound may appear to have several pitch 

components. A sound with a continuously changing pitch is called a glissando [30]. A pitch 

change caused by a moving sound source or observer is termed “Doppler-shift”.  
 

The pitch ascribed to a complex tone or sound may not necessarily correspond to a frequency 

that is physically present in the sound. For instance, if a spectrum consists of harmonics 

beginning with the second or higher harmonic, the sound will still be heard as having the pitch 

of the fundamental, called the periodicity pitch or the missing fundamental [30]. 
 

The pitch of a sound is obtained by presenting a test person by a pure tone with frequency F1. 

He/she then have to adjust the frequency of a second tone to be exactly half of F1. The ratio of 

the two tones respective loudness, then gives the pitch value, in mel [1]. This scale only holds 

for low frequency tones (<3.5 kHz). Once the 4 kHz range is past the apparent half frequency is 

closer to 1/3 of the primary tone frequency [2].  

 

2.1.2.5.     Masking 

 

Masking is a phenomenon whereby certain tones and sounds are partially or completely 

cancelled out because of the presence of other tones. This implies that while other tones or 

sounds are present, a particular sound may not be audible, or less audible than if it would be 

heard on its own [5]. It was found that to mask a tone completely the masking tone has to be 2 

to 4 times stronger than the masked tone [1]. When attempting to improve the interior sound 

quality of a vehicle by reducing the loudness of a dominant noise, care must be taken of the 

noises that will become exposed. Often the newly exposed sounds can deteriorate the overall 

sound quality [7]. Conversely, by adding certain sounds it may be possible to improve the 

interior sound quality of a vehicle, as a certain problem sound is masked. However, masking 

normally is only effective for a certain frequency in a tone and thus can only be used to mask a 

very specific problem sound [5].     
 

The frequency spectrum in which masking will be a factor is termed the critical band of the 

specific tone [5]. The shape of the critical band is dependent on the excitation level and its 

bandwidth is defined to be about 100 Hz for low frequency tones (<500 Hz) and 20% of the 

centre-frequency of higher frequency tones [1, 5]. This critical band is close to the third-octave 
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bands (23% of centre-frequency) of a tone [1]. The situation for masking produced by white 

noise differs with respect to the last, since all frequencies contribute to the masking pattern, not 

just a single centre-frequency [1]. 
 

Not only the spectral domain but also the temporal or time-domain is subjected to masking. For 

instance, a short sound shortly following or shortly preceding a longer one will be masked. 

Therefore, subjects will not experience these sounds as when they would have existed on their 

own [1, 5]. This is a strong concern for non-stationary loudness calculations [1]. 

 

2.1.2.6. Non-linearity 

 
The non-linearity of sound quality analysis is a result of how the human perceives sound. The 

non-linearity in perceived sounds is a concern which makes graphs an important tool in the 

objective analysis of sound quality. There are a number of equations used in the literature that 

seem too simple to describe the complex and dynamic behaviour of human hearing [1]. The 

influence of the non-linearity of human hearing in SQ analysis is eliminated by including the 

subjective jury evaluation in the analysis. This is the case as subjects already include this non-

linearity in their analysis. An accurate objective equation simulating the human hearing system 

is very complex, for a more detailed discussion on this topic refer to Zwicker [1] chapter 14. 

Unbiased Annoyance (UBA) is a non-linear model, developed by E. Zwicker [1], but is not a 

popular metric, as it is not reliable enough over a wider spectrum of applications [5]. 

 

There are a number of non-linear correlations used in the SQ analysis. Examples of these are:  

• The Non-annoyance index equation in [61], which is a correlation of Zwicker loudness 

and sharpness with subjective ratings.  

• The merit value as proposed by [58, 62], which also is a correlation of objective and 

subjective ratings.  

• As well as the pleasantness ratio, mentioned under sharpness before, equation (5). 
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2.1.3. The subjective evaluations 
 

Subjective analysis is a process which brings the human perception of a particular sound into the 

picture. A jury, mostly non-professionals, is gathered to which a number of sounds are 

presented. The jurors then have to rate and compare these sounds, so that the engineer can 

develop a matrix of how different attributes of a sound are subjectively perceived. Subjective 

evaluations form the foundation of sound quality engineering, and if used properly provide the 

engineer with invaluable information. These tests should be planned carefully, as they are 

expensive, in terms of time consumption from both parties, and are difficult to repeat with the 

same subjects, which makes repeatability a concern [3, 4, 11].   
 

The listening environment plays an important role in subjective evaluations. If sounds are being 

played over loudspeakers the AES standard (AES20-1996) should be adhered to. Generally, the 

environment should not look high-tech, should be comfortable, and have adequate ventilation. 

Ambient noise levels should conform to NCB 20 noise criteria (specifying noise in the 16 to    

18 000 Hz octave bands) [3]. 
 

The subjects, jurors, should be representative for the test at hand. If customer opinion about a 

product is required, subjects that would potentially buy such a product and have little listening 

experience should be used, for best results. On the other hand, if detailed information about 

certain sound attributes, such as tonality, is required sound experts should be used. 

Demographics (age, gender, etc.) were found to have little effect on the results, as long as the 

group of jurors is representative of the general customers of the product [3]. Established vehicle 

manufacturers use 25 to 30 subjects in order to get representative results when testing 

automotive sound quality [6]. However, for specific sound research, as performed by research 

groups, 15 reliable subjects are sufficient to give a representative result [48]. Results are 

strongly influenced by what the subject expect to hear. Therefore, some unambiguous 

descriptions of the product should be given to the subjects, so that a similar image is created in 

their minds [3].  
 

There are two ways to pace the time a jury has for evaluation. The first method, known as Self-

paced, is a method where the user has control of the test and can play the sounds as many times 

as deemed necessary. When utilising this methodology, it is possible to deliver the same sounds 

to each juror, but with a different playing order. This benefit can be used to minimize the effects 

of playing order on the test results [3]. However, this is usually unrealistic as this would demand 

a time and equipment intensive, computer based jury system, as each juror has to be provided 

with their own computer. 
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The second, and more favoured, method is the Paced jury tests method, which presents one set 

of stimuli to several jurors at once, typically through headphones. The advantage of this method 

is that the operator has control of the duration of the test and one computer is sufficient to 

present the sound samples to all jurors [5]. 
 

The length of the test is important due to the potential of juror fatigue, which in turn depends on 

the level, duration and annoyance of the stimuli [3]. The health of the juror must be kept in mind 

when deciding on sound samples to present, since exposure to high noise levels can cause long-

term hearing damage [3]. Sound samples should be kept between 3 and 5 seconds, as it is 

important to capture the first impression of the sound on a subject. Total test length should not 

exceed 40 minutes (where 25-30 minutes was found to be ideal) [3, 5]. 
 

Speakers and headphones are the two sound reproduction options in sound quality engineering. 

Speakers have the disadvantage that presenting the same stimuli to all jurors is difficult, as the 

speaker type, position and listening room will influence the sound that reaches each juror. 

Loudspeaker playback is more appropriate for products recorded in a reflection free 

environment (free-field) whose source is not spatially distributed [3]. 
 

On the other hand, Headphone auditioning can be an effective way to ensure that each juror 

hears the same stimuli under the same conditions. Headphones have to be level calibrated and 

equalized, so that their responses are equivalent. Headphone auditing also allows flexibility in 

jury facility setup. Since the sound each auditor hears is presented over headphones, it is not 

influenced by the room’s acoustic properties or by listener positioning [3].  
 

A disadvantage of utilising headphones may be that jurors may report that the sound that they 

hear is louder or has ‘more bass’ than the ‘real’ product sound they are accustomed to, although 

the sound is delivered at the correct calibrated playback level. This discrepancy is introduced 

when our mind tries to assimilate and process what is seen in conjunction with what is heard [2]. 

For best results and the most authentic experience, sounds should be played back over 

headphones in the original sound environment or a simulation of the environment. However, 

this is mostly impractical, as listening tests are usually limited to a jury room [3, 5].  
 

Several jury evaluation methods appropriate for inexperienced, untrained subjects are discussed 

in the sections that follow. While each method has its strengths and weaknesses, it is important 

to note that no one method works best for every application. It is very important to choose the 

method which best fits the application [3].  
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The three evaluation methods, detection task, evaluation task and similarity task are described in 

detail in the next paragraphs. 

• Detection tasks ask a subject to choose which of two sound samples contains a given 
signal (A).  

 

• Evaluation tasks ask a subject to make a judgment of preference between two sound 
samples (B).  

 

• Similarity tasks ask a subject to rate two sounds sample’s similarity (C). 
 

The paired comparison test, a representative of the evaluation task method, and the semantic 

differential test, a representative of the similarity task method, are two types of subjective tests, 

which were identified as useful and effective in the literature [3]. 
 

A. Detection Task method 
 

In the Detection Task method subjects must choose which of the sounds in the pair contains the 

signal to be detected. This method is often used for determining detection thresholds. For 

example, detection of a tone masked by broad-band noise. One of the sounds in the pair is the 

masker alone and the other is the tone plus masker. The level of the tone is varied from pair to 

pair. Since the experimenter knows the ‘answer’ (which sound contains the tone), subject 

performance (psychometric function) is measured by the percentage of correct answers. The 

tone level at which the subject’s percentage correct equals 75% is defined as the threshold. 

Difficult detection tasks require extensive subject training [3]. 
 

B. Evaluation Tasks method 
 

In the Evaluative Tasks method subjects make relative judgments (pick A or B) on sounds 

presented to them in pairs, based on some evaluative criterion. The criterion for these paired 

judgments can be virtually anything. Preference is often used as the basis for judgment. If all the 

samples are unpleasant, preference seems inappropriate and annoyance is often used. Attributes 

such as loudness and sharpness can be used but care must be taken to insure that subjects can 

readily distinguish the attribute among the different sounds being evaluated. This pair judgment 

process is repeated until all possible pairs have been evaluated (complete block design). Very 

often, a replicate experiment is conducted. A variation on this procedure is to include scaling 

information as part of the judgment, subjects pick which sound in the pair they prefer and rate 

by how much they prefer that sound on a 1-10 scale. Scaling is generally unnecessary, as for 

example the Bradley-Terry model provides the same information with much less work [3]. 
  

Three evaluation task test methods are discussed in detail here, the first two are forced choice 

procedures, where the subject must choose one sound in the pair, while the last is a scaling task. 
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B.1.    Paired Comparison Tests. (Forced Choice Task) is executed by forcing a subject to 

choose between two sounds. For a paired comparison or preference test, usually t(t-1) pairs are 

presented, where t is the number of sounds in the study. This is known as a two-sided test. One 

kind of “presentation order” effect is removed since each sample appears with each other 

sample twice, but in opposite order. The two-sided test introduces other niceties such as the 

ability to check subject consistency or see if subjects’ overall agreement improves during the 

test. The two-sided test is roughly twice the length of a one-sided test, which is its only 

disadvantage. To optimise the play order to further reduce presentation effects, pairs should be 

evenly spread out so that no two identical pairs are near each other and so that no two adjacent 

sounds in the playing order are the same. Ideally, each juror would hear a different play order, 

but this is usually prohibited by available hardware and test setup time [3]. 
 

The repeatability and consistency of the subjects has to be rated to ensure quality results. 

Individual repeatability must exceed 70% to be include in the final analysis where the average 

group repeatability should be 75% or higher. Consistency should average 90% for both subject 

and the group. Repeatability is defined as the percentage of comparisons that were judged the 

same the first and second time they were played, while consistency can be described as the 

characteristic of a subject to make logical paired comparison choices. If a subject preferred 

sound A over sound B, and sound B over sound C, a consistent subject must also choose sound A 

over sound C (articles [3, 4, 5 and 6] give more detail). If the group’s average repeatability falls 

much below 70%, there is usually a problem with the evaluation itself. For example, having 

sounds that are hard to discriminate between [3]. 
 

A matrix consisting of M rows and M columns, M representing the number of sounds compared 

is set up in paired comparison testing. Sounds 1 to M are listed down the rows and columns of 

the matrix, resulting in the diagonal representing an incident where sound x is being compared 

to itself. Note that the entire matrix will only be filled after M2 tests, each sound is compared to 

every other sound twice (the upper and lower triangles of the matrix) as well as to itself once 

(the diagonal). This matrix is ideal for repeatability and consistency checks [3, 5]. Filling the 

entire matrix is a time consuming exercise if the number of sounds (M) exceeds six. An 

incomplete block design can sometimes alleviate this problem. In this design, only some of the 

pairs are evaluated twice and these results are used to infer how the other pairs would have been 

judged. This approach will work well only if one chooses the presented pairs appropriately [3].  
 

After subjects have evaluated sounds using the paired comparison test the score for a given 

sound is determined by simply adding the total number of times that the sound is preferred and 

divided this by the total times it was tested. Scores are a quick and easy way to look at the 
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results, but only a overall rating of a sound in a given test condition is appropriate for 

correlation with objective metrics [3].  
 

B.2.    Rank Order. Rank ordering of sounds is one of the simplest subjective methods. Subjects 

are asked to order sounds from 1 to J (where J is the number of sounds) based on some 

evaluation criteria (preference, annoyance, magnitude, etc.). The sounds are presented 

sequentially [3]. The subjects often have the option in this method of listening to a sound as 

many times as they want. However, since the complexity of the ordering task grows 

combinatorial with the number of sounds, the sample size is usually kept low (six or less). The 

major disadvantage of this method is that it gives no scaling information. Because of this lack, 

rank order results are not useful for correlation with the objective properties of the sounds. Rank 

ordering is utilised only when one simply wants a quick idea of how the sounds compare, for 

example, when evaluating customer preference for alternative component designs. 
 

B.3.    Response (Rating) Scales. Subject will be limited to numbered response scales, like the 

familiar 1-10 ratings. Subjects rate sounds by assigning a number on a scale. The sounds are 

presented sequentially with, generally, no option to replay. This method is quick and, on the 

surface, easy. Scaling information is directly provided, however rating scales can be difficult for 

inexperienced, untrained subjects to use successfully [3].  
 

C. Similarity Tasks method 
 

Unlike detection and evaluation, the Similarity Tasks is not forced choice, but a scaling task. 

Sounds are again presented in pairs, but instead of choosing one of the sounds, an estimate of 

their similarity is made. Similarity judgment is rated on an unnumbered line, labelled only at the 

extremities as “very dissimilar” and “very similar”. By not numbering the scale, some of the 

problems associated with response scales are avoided. All possible pairs are evaluated in this 

manner. After the evaluation, a numbered grid is placed over the line and the markings 

converted to numbers, usually 1-10. Similarity scaling is useful for determining how well 

subjects discriminate among the sounds in the study. Combined with proper analysis techniques 

such as multidimensional scaling and cluster analysis, this method can determine the number of 

perceptual dimensions that underlie the judgments as well as giving clues to the important 

objective properties of the sounds [3]. 
 

C.1.    Semantic Differential requires the subject to give a quantitative estimation about a sound 

with respect to two opposite extremes. This is done by asking the subject to make a mark on a 

line with these extremes at the two opposite ends [3, 5]. Opposite and easy to understand 

descriptions, such as rough and smooth, powerful and weak, luxurious and cheap should be 
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used. While the paired comparison method focuses on one attribute of sounds (preference, 

annoyance, similarity, etc.) the semantic differential technique allows evaluation of multiple 

sound attributes. Subjects evaluate sounds on a number of descriptive response scales, using 

bipolar adjective pairs. A bipolar pair is simply an adjective and its antonym. The adjectives 

generally consist of attributes (quiet/loud, smooth/rough) or impressions (cheap/expensive, 

powerful/weak) of the sound. These lie at opposite ends of a scale with several gradations. The 

gradations are labelled with appropriate adverbs that allow the subject to rate the magnitude of 

their impressions. In general, technical engineering jargon should be avoided, as customers are 

usually not familiar with these terms [3]. 
 

Subjects choose whichever gradation best fits their impression of the sound. In choosing the 

semantic pairs, it is very important that they are appropriate to the application. As the line is not 

scaled, to avoid problems associated with this, results need to be scaled by the engineer after the 

tests. Problems with scaled lines are that subjects tend not to use the extremes at all, and that 

they confine themselves differently within the ranges available [3, 60]. Methods to overcome 

this are taking the geometrical average, or rescaling the range between the maximum and 

minimum chosen by the subject [3, 5, 52, 60].  
 

Again repeatability and consistency in these tests is very important, only observers with 

correlation values higher than 75% should be used for further investigation [3].      
 

C.2.    Magnitude Estimation is a method where subjects assign a number to some attribute of 

the sound (how loud or pleasant). Generally, no limit to the range of numbers a subject may use 

are set. Magnitude estimation is basically a scaling task without a bounded scale. This method 

may offer some advantages over bounded response scale methods (numbered or semantic) in 

that the subject need never run out of scale. A major disadvantage of this method is that 

different subjects may give wildly different magnitude estimates. Thus, a key element of this 

technique is subject training. Subject-to-subject variability can be addressed in a number of 

other ways as well. One is to present a reference sound with a specified magnitude and have all 

other sounds rated relative to that reference [3]. 
 

There are two methods for normalizing the results of a magnitude estimation exercise. The first 

involves creation of a geometric average for each stimulus across the range of subjective 

magnitude estimation scores for that stimulus. The geometric averaging process ensures that 

each person’s scale is given equal importance in the overall average for the particular stimuli. 

The second technique, commonly used, involves a transformation of each subject’s range of 

scores for the stimuli to a percentage scale. This is done for each subject in the evaluation and 

then the percentages are averaged together for a particular stimulus [3].  
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2.1.4. Correlation of subjective and objective evaluation criteria 

 
Correlation between the objective metrics and the subjective jury ratings is the final process in 

the SQ procedure. A successful correlation provides the design engineer with a tool to identify 

improving which metrics would prove most effective. Benchmarking objective SQ metrics is 

another use of the developed correlation, which is a major tool in developing a new vehicle. 

Once a solid correlations is found, the design engineer is in a position to record sounds of a 

similar vehicle, analyse the SQ metrics objectively and determine the vehicle’s interior sound 

quality. This process can take place without the need for expensive and time consuming 

subjective ratings of the new sound [6]. The following paragraphs deal with numerous 

correlation methods, viz. distribution analysis, graphical analysis and linear regression analysis.  
 

• Graphical analysis plots the results for visual evaluation. 

• Linear regression is the correlation of a dependent variable to an independent variable.  

• Distribution analysis employs statistical means, medians, modes or standard deviations 

to place samples on a relative scale.  
 

Graphical techniques can be used to convey enormous amounts of quantitative information. 

Too often experimenters are quick to jump into quantitative statistics before exploring their data 

qualitatively. Graphical techniques can provide insight into the structure of the data that may not 

be evident in non-graphical methods. A number of graphical techniques have been developed 

for areas such as distribution and data relationship analysis. Only a few of these techniques will 

be outlined here [3]:  

•     Scatter Plots can be used to explore relationships among data sets. Scatter plots can reveal 

information on data relationships that may not be apparent when using numerical 

approaches.  The process merely involves plotting the subjective response for a stimuli 

against some scalar on the vertical axis versus some objective measure of the stimuli on 

the horizontal axis. From these plots a simple but useful observation can be made: 

samples which cluster close together were judged similar, while samples which are spread 

over the graph, were judged dissimilar [3]. Zwicker loudness (N) and Aure sharpness (Sh) 

were found to correlate well with subjective ratings on such plots [20, 21].  

•     Quantile-Quantile and Normal Probability Plots are commonly used to compare two data 

distributions to observe their similarity. The quantiles from an empirical data set may be 

plotted against the quantiles from a theoretical distribution to investigate how closely the 

empirical data set matches that of the theoretical distribution.  
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•     Histogram is another way to summarize aspects of a data distribution. The histogram 

divides the data into equal intervals and plots the number of points in each interval as a 

bar where the bar height is representative of the number of data occurrences.  

•     There are many other graphical techniques commonly used in exploratory data analysis, 

stem-and-leaf, box plots, bar charts. 
 

Linear Regression Analysis is a technique used to assess the relationship between one dependent 

variable (DV) and one or several independent variables (IV). Assumptions made in any 

regression analysis include: normal distribution of the variables, linear relationships between the 

DV and IVs and equal variance among the IVs. Linear regression takes the information of 

scatter plots to a higher level, as it provides a mathematical relationship between the subjective 

and objective characterisations of the stimuli [3]. The mathematical relationship in this case is a 

straight line, fitting the response data to some class of objective characterization. In order to 

determine how well the linear fit correlates with the actual data, the known method of least 

square estimate (R2) is employed [3]. The linear regression analysis is a widely employed 

method in SQ engineering. It is used for correlating metrics such as Zwicker loudness, A-

weighted sound pressure level, sharpness, variance and frequency fluctuation or a combination 

thereof with subjective response ratings. The following equation (11) is aimed at predicting 

future subjective responses. 

mqqmmm YaYaYaaY ++++= ...22110                ..…(11) 

Where Ym is seen as the predicted subjective response, and the a-coefficients are the weighting 

factors of the metrics which result from the linear regression analysis. A method for calculating 

the a-coefficients can be found in [3]. 
 

Multiple Linear Regression is taking single variable linear regression one step further. The 

straight-line relationship is now between the subjective response data and some linear 

combination of scalar, objective characterizations of the stimuli [3]. 
 

Factor Analysis is a general term for a class of procedures used in data reduction. It is a 

statistical technique applied to a single set of variables to discover which sets of variables form 

coherent subsets. In other words, factor analysis can be used to reduce a large number of 

variables into a smaller set of variables or factors. Factor analysis is similar to multiple 

regression analysis in that each variable is expressed as a linear combination of underlying 

factors. However, multiple regression attempts to predict some dependent variables (DVs) using 

multiple independent variables (IVs), factor analysis explores the association among variables 

with no distinction made between IVs and DVs [3].  
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Non-Linear Regression. Of course, relationships between subjective responses and objective 

characterizations are not limited to the linear type. Sometimes a non-linear combination of the 

objective metrics correlate better with the subjective response data. The mathematics involved 

here is more complicated than for linear regressions [3].  
 

•   Neural Networks is an example of a non-linear method, drawing relationships between 

subjective response and objective characterizations of a set of stimuli. This method is 

relatively untapped in the field of automotive sound quality, but does offer some exciting 

potential in the areas of pattern recognition [3].  
 

Bradley-Terry and Thurstone-Mosteller Models are employed to derive scale data from paired 

comparison data for example. To perform each of these models the scores must be converted 

into a random variable having either a normal (Thurstone-Mosteller) or logistic (Bradley-Terry) 

distribution. The values of these random variables are then further analyzed to arrive at a scale 

value for each sound in the study. These scale values are appropriate for correlation with 

objective properties of the sounds. The Bradley-Terry model is very successful in the 

automotive sound quality industry. Usually a correlation (R2) of 0.9 or better is found for B-T 

models [28]. Both these methods will produce good correlations for consistent judgments (if 

A>B>C then A>C) but cannot describe inconsistent data [28]. 
 

Putting One’s Instincts to Work. One must guard against, “Worshipping at the altar of R2”, a 

quote from Norm Otto of Ford Motor Company. Saying that just because a correlation seems 

strong does not mean you should put your full faith in that R2. Typically, these networks require 

a great deal of input/output data (training) to produce reliable results. No correlation between 

the stimuli and the subjective response should be thought of as proof of causality [3]. 
 

The subjective evaluation should be considered as a guideline or trend as to how customers 

would experience a presented sound. This is as seat vibrations, surroundings and duration of 

exposure to the sound may greatly alter the perception of sound quality to an observer in a 

vehicle. Another reason being the known fact that all people are different and therefore some 

customers might find sounds irritating that were rated favourable by the jury panel [3]. 
 

A number of these correlations are already available in the literature, but most of them are very 

particular to a certain aspect (noise type). Generally it was found that Zwicker loudness (N) and 

Aure sharpness (Sh) effect subjective ratings the strongest [58, 60, 62]. Therefore, a correlation 

of these two objective metrics should produce a metric that represents a more accurate 

description of human response, to a particular tone, than any of the original metrics alone [5].  
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2.2. Benchmarking in vehicle development 

Benchmarking does not mean simply copying others’ best practices. It requires the ability to 

innovate and adapt what you have learnt from others according to your organization’s specific 

needs. It is a dynamic process, that evolves with growing experience and with application to 

different organisational and cultural settings [14].  Benchmarks may be established within as 

well as outside an organisation. 

Definition of Benchmarking 

• Measuring progress toward a goal at intervals prior to the anticipated attainment of it. 

• Benchmarking is a process of searching out and studying the best practices in the 

industry. For a company this should result in producing superior products or delivering 

superior service.  
 

• Benchmarking is a practical tool for improving performance by learning from best 

practices and understanding the processes by which they are achieved. 
 

Benchmarking is a generally well understood process and can be implemented effectively in 

almost all sectors of industry. The four basic steps given here are a prerequisite to successfully 

benchmark a product or a service [14, 20]:  
 

I. Self-assess, understand your own processes and performance in detail. 

II. Analyse others’ successful processes and performance. 

III.  Compare your performance with that of others you have analysed. 

IV. Implement the necessary changes to close the performance gap. 

The implementing phase in this study includes, designing the benchmark sound as well as 

engineering the benchmark sound into the vehicle. The sound design is the product of SQ 

analysis, designing a sound customers would prefer in a specific vehicle. Whereas, engineering 

the preferred sound into a vehicle includes implementing technical solutions during vehicle 

development to reach these target sound. More detail on these two aspects is given in [35].  

When developing a new vehicle, not too many aspects of the vehicle should be benchmarked. 

The focus should be on a few aspects on which comprehensive changes are expected. This is 

advisable as the process of benchmarking is expensive and time consuming [14].   
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A few points that management should consider to make benchmarking a success [36]:  

a. A shared, common vision of the performance, improvements, goals and objectives 

between decision makers should be present. 

b. Open and committed, high level support of all involved members. 

c. The commitment of all stakeholders in the process to progress and change. 

d. A willingness to examine critically one’s own practices. 

e. The willingness to co-operate and share information and expertise with others. 

f. To be able to learn from others’ best practices. 

g. The flexibility to implement the necessary changes. 

h. Procedures to monitor subsequent progress. 

i. And the willingness to decentralise to improve accountability. 

Benchmarking can facilitate strong performance improvements in all areas of interior Sound 

Quality [23]. A visual display of the process circle of Benchmarking is presented in figure 5, 

note that competitive growth can only prevail if the circle is closed [23]. 

 

 

 

 

 

 

Figure 5: Benchmarking flow-chart [23] 

While benchmarking the interior sound of a new vehicle, benchmark metrics may be obtained 

from the leading vehicle competing in the same segment. This however should only be the case 

for the first phase of a vehicle development. In order for a company to develop a vehicle that 

hopes to become the benchmark model, own targets have to be set and met. Continuously 

benchmarking company externally will result in lagging a step behind the market leader [23]. 

Outsourcing complete subassemblies and minimising suppliers can be effective measures to 

track down quality problems faster and improve accountability for a product [14]. 
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2.3. Target-setting procedure 
 

Developing a target setting procedure for the vehicle manufacturing industry is not an easy 

assignment, as very little data on this topic is available in the open literature. Target values are 

generally established early in the design process. This is done to ensure that all components 

influencing these targets can be designed to meet these. The target values for sound quality can 

be obtained from competing vehicles and from preceding models [24]. 
 

A balance between technical boundaries, weight of the car, power, fuel efficiency, recycling 

materials and production costs should prevail in the setting of target values for new vehicles. 

This is of importance to ensure that improvements are worthwhile for the complete vehicle [33].  
 

Cascading of targets is a necessary feature as it is very difficult to reach a certain interior sound 

quality target without setting targets for all components influencing the interior sound quality, 

figure 9 gives an example. 
 

The first step in target setting, for interior sound quality, is to identify problem noises and 

distribution sources and name them. Next, the SQ metrics are determined for each distribution 

element by means of SQ analysis. Lastly, a connection between the dominant metric and the 

construction of hardware is found, in order to optimise design for customer satisfaction [21].  

 

 

Figure 6: Target setting procedure by Vrjie University in Brussels [21]. 
 
 

Different target setting methods and models are utilised, some of the ones used in the vehicle 

manufacturing industry are presented in figures 7 and 8. The cascading model in figure 9 shows 

a typical flow-chart of how target values for a complete system are set, by setting targets for all 

sub-systems influencing this overall target. 
 

The benchmarking and target-setting procedures used in this study are discussed in chapter 5. 
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Figure 7: Target comparison to benchmark [33] 
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Figure 8: Target setting for interior sound [33] 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 9: Cascading of noise sources 
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2.4. Design improvements 

 

This section summarises some of the aspects in and around the vehicle cabin that have, or could 

be modified to improve the interior sound quality of a vehicle. 
    
In order to benchmark effectively, target-setting for a product must be implemented in the 

design phase [23]. Find and fix is not a long-term option for a vehicle that strives to become a 

market leader or even being competitive in the market in the longer run. 
 

Some literature [6] argues that it would be more rewarding to analyse the combined signal 

recorded inside a vehicle cabin, as this would reveal masking aspects better. At normal driving 

conditions, which is the condition people spent most of their time when driving, occupants of 

vehicles would also hardly ever experience only one noise source, for example only engine 

noise [6]. However, as this sort of analysis would be vastly more difficult to conduct, this study 

will focus on each noise source on its own. Treating each noise source on its own also makes it 

easier to find the cause of a problem sound [23].  
 

Loudness and sharpness were found [15, 41, 58 and 62] to be the most prominent objective 

metrics in SQ analysis. Article [12] found that roughness is also an important objective metric 

when analysing engine noise, but most literature only found a relatively weak connection 

between subjective ratings of general vehicle noise and roughness [15, 41]. 
 

Possible design improvements, to reduce noise produced by the three major noise producing 

sources, being the engine, wind and tyre/road interaction, are listed in the next section. Similar 

to other design changes, NVH design improvements proposed on a vehicle should be critically 

monitored for their financial feasibility before implementation [6].   

 

2.4.1. Engine noise reduction and sound quality improvements 
 

Loudness and sharpness are the dominant objective metrics for diesel and gasoline engine noise 

[58]. Correlation of up to 83%, between a combination of these two objective metrics and 

subjective ratings, was achieved [41]. 
 

There are two procedures to improve the sound quality inside a vehicle cabin. The first is to 

reduce the noise produced at the source, actively and passively. While the second is to reduce 

the problem-sound propagation into the cabin [49]. Active noise reduction is when the noise 
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source itself is altered to improve overall SQ. This can be done for example by fitting different 

tyres or redesigning the exhaust. Another method for active reduction, is to introduce a speaker 

system that interferes destructively with engine or other problem noises (ANC) before these 

reach the cabin [12]. Whereas, passive reduction of problem noises can be accomplished by 

adding sound insulation around the cabin, to stop noises from radiating into the cabin. 
  

Engine noise is the dominant noise source for vehicles travelling at low speeds (<50 km/h) and 

consists mainly of harmonic sounds [47]. These can be monitored and analysed on an 

oscilloscope or by computer software. 
  

The number of cylinders strongly influences engine sound. V6 and especially V8 engines are 

found to produce the most pleasant sounds [50]. They not only sound more sporty and powerful, 

but also tend to produce a lower loudness sensation than straight-4-cylinder engines. Even as the 

in-line-6-cylinder engines are generally the quietest (in terms of Zwicker loudness and dB(A)), 

as they are the best-balanced engines, they cannot compete with the V-engines in the field of 

sound quality [50]. 
 

Diesel engines have much higher impulsiveness, are generally louder and produce a sharper 

sound than gasoline engines. They therefore need more attention and are more expensive when 

designing the vehicle for a good interior sound quality [15, 33].  
 

Some design and component changes that will improve the NVH properties are [13, 33, 58]: 

• Introduction of an Electronic Management system  

• Include exhaust gas recirculation on engine 

• Common-rail diesel ingestion 

• Minimum bearing and piston clearances 

• Stiff crankcase design 

• Improve cylinder head, engine block and oil pan design 

• Increase body rigidity and stiffness 

• Computer optimised engine mount positions and form 
 

Active noise control (ANC) is another means to act against unwanted sounds. It works best for 

problem sounds below 500 Hz. However, it tents to only eliminate a sound at a certain 

frequency and is not helpful over the complete sound frequency spectrum [12, 49]. Engine noise 

influencing cabin sound quality can be simulated on computer with the aid of software [24, 34]. 
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Some additional possibilities that were found to achieve an improvement in the sound quality of 

a vehicle are by [18]:        

• Better designed crankshaft counter-weighing  

• Improved exhaust joints 

• Improved exhaust design and isolation 

• Stiffer and CAE optimised engine mounts 

• Exhaust manifold design 

• Reduced valve-train mass 

• Special material for valve cover 

• Indirect fuel injection 

• NVH designed accessories 

• Increased muffler volume 

 

A great deal of engine noise can be fine-tuned to produce a sporty or luxurious sound in the 

cabin of a vehicle by specifically designing the exhaust. The loudness of exhaust noise has been 

strongly reduced over the last years, today exhaust sound can almost be unlimitedly silent. 

However, it takes around one litre of exhaust volume to decrease exhaust noise by 1 dB [18]. 

 

Studies found on engine noise and potential interior sound quality improvements are [12, 15, 21, 

35, 41, 50 and 58], which are all filed in the accompanying folder and on DVD.  

 

 
 

2.4.2. Road/tyre noise reduction and sound quality improvements 

 

Loudness and sharpness were found to be the dominant objective metrics for interior sound 

quality influenced by road/tyre noise [62]. Correlations (R2) of these two metrics with subjective 

ratings reached up to 93% [62]. 

 

Low frequency road noise (20 – 150 Hz), known as booming noise, is caused by the standing 

wave in the cabin [65]. Booming noise is caused by road/tyre noise as well as the 2nd and 3rd 

engine order [65]. This road rumble is a common concern for NVH-design-engineers of small 

vehicles in general but especially for ½ ton LCVs, as a result of their small cabins [13]. It is 

only audible if low frequency noise dominates the sound spectrum in the cabin [33], which is 

when a vehicle is travelling slowly (<80 km/h). Design for booming noise needs to be addressed 
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in the early development phase, as it is strongly hardware dependent. Well designed, soft and 

computer optimised axel mounts were found to decrease the booming noise in the cabin of a 

vehicle [33]. 

 

Road noise is the dominant noise source in vehicles travelling at speeds above 50 km/h and 

below 130 km/h [49]. In this range, a fairly linear relation between road noise and speed is 

observed [7].  

 

Road surfaces play a key role in the noise produced by vehicles travelling on it. From a sound 

quality perspective it would be best if road surfaces would be as smooth as possible. However, 

for various reasons, such as drainage and grip, this is not an option. Smooth asphalt and 

drainage concrete are found to be the quietest road surfaces [49], and from a interior sound 

quality view are the preferred materials to construct tar roads.  

 

Another dominant influence on interior sound quality, caused by road/tyre interaction, is the 

type, dimension and manufacturer of the tyre itself. It is a large, complex and far reaching field 

of research, article [7] makes an attempt to test this influence. It was found that the interior 

sound pressure level (SPL in [dB(A)]) in a cabin sharply increases for increased tyre pressure. 

This is even more evident for harsh driving conditions (increased driving torque) and heavily 

loaded vehicles (higher vertical load on wheels) [7].   

 

The general sound spectrum for road noise is non-harmonic, white noise like, which is most 

dominant in the range of 400 - 1500 Hz. Surprisingly the effect of road noise on the interior 

sound quality of a vehicle can be simulated in a laboratory or even on CAE [24]. This makes 

optimising the interior sound quality of a vehicle influenced by road noise relatively easy, 

provided that the necessary funds are available.    

 

The continuous vehicle vibrations caused by rough road surfaces may cause components to 

loosen and begin to squeak and rattle (S&R). Design for squeaks & rattles (S&R) should be 

done early in the design stage, as this is the only way to ensure lasting success in keeping the 

cabin S&R free [34]. S&R are produced by structural deficiencies, incompatible materials and 

poor fit. It was found that S&R in vehicles could be reduced by outsourcing complete 

subassemblies to companies who do there own S&R testing [34]. This would improve fit and 

quality finish of the complete vehicle as it eliminates incompatible materials and reduces parts 

at final assembly. Another strong advantage of this procedure is that it improves accountability 

for a certain component, making it easier to track down problems [34]. The audible range of 

rattles is 200 - 2000 Hz, higher frequency sound will sound like a buzz.  
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Introducing an end-of-line automated S&R test facility (testing for sharpness) would prove 

invaluable to vehicle manufacturers. This would lead to reduced claims and complains, as well 

as an improved manufacturer image. Constructing a database of S&R concerns and its solutions 

in the past would prove invaluable for a vehicle manufacturer [34].  

 

Design changes to improve interior SQ influenced by road/tyre noise include [7, 20, 34]: 

• Independent and coil springs offer better vibration and sound isolation 

• Softer tyres also provide more isolation from rough roads 

• CAE optimised positioning and design of shock absorbers 

• Add sound isolation material on and around cabin i.e. rubber in wheel-arches and carpets 

on floor and behind seat on back wall 

• Redesign tyre itself, as proposed by article [7] 

 

 Figure 10: Improvement in tyre design for SQ purposes [7] 

   

The tyre re-design shown in figure 10 was found [7] to reduce interior noise levels by around 

12% at 1 kHz, which is the critical excitation frequency. The design adds material at the softest 

and critical line on the tyre. This improves the stiffness of the tyre along this line, which was 

found to reduce noise produced by the tyre when interacting with the road [7]. 

 

Studies discussing the effects and potential improvements surrounding road/tyre noise on 

interior sound quality are the following articles [7, 20, 22, 34, 47, 49 and 62]. 
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2.4.3. Wind noise reduction and sound quality improvements 
 

 

As for the other two noise sources, loudness and sharpness are found to be the dominant 

objective metrics for interior sound quality influenced by wind noise [60]. Correlation of these 

metrics with subjective ratings reached up to 94% [60]. 

 

Wind noise dominantly consists of in-harmonics, sizzling, high frequency sounds [13]. Wind 

noise becomes the main noise source, audible inside the vehicle, once the vehicle is travelling at 

high speeds, more than 100 km/h [13]. A sound pressure level increase of around 4 dB(A) per 

20 km/h increase in speed was found [13].  

 

It was found that it is impossible to simulate the effects of wind noise on interior SQ with a 

CAE package, as unsteady turbulent effects cannot be compensated for. Testing also revealed 

that wind noise testing in wind tunnels is of limited use [13]. This is as turbulent, unsteady side 

wind effects are present when driving outside, which cannot be simulated in the wind tunnel. 

Simulating these effects has been investigated in depth, but the results compare poorly to 

outdoor tests [13]. Little attention has so far been paid to large-scale turbulence inherent in the 

on-road wind environment, as this forms an enormous challenge [13].  

 

Reynolds stresses and wind velocity are the main variables in wind noise generation [13]. 

Vortexes, which are produced by shedding from antenna and side mirrors, form a further 

concern when designing a vehicle for optimal interior SQ [13]. Masking effects were found to 

be strong in on-road conditions, and therefore have to be monitored strictly for wind noise 

effected sound quality [13].  

 

A number of improvements can and have been made to door seals and windows to reduce the 

noise entering the cabin, these include [13, 60]: 

• flush surfaces, particularly the transition from windscreen to side windows  

• large A-pillar radii  

• avoidance of flow separation, by using smooth surfaces for bonnet and roof  

• better isolation material at doors and windows  

 

Studies discussing the effects and potential improvements for wind noise related interior sound 

quality are [13 and 60]. 
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3. Experimental Procedure 
 

 

This section discuses the equipment and procedures utilised during the Sound Quality (SQ) 

evaluation of eight light commercial vehicles (LCVs) and three hatch-back vehicles. All these 

vehicles were tested to obtain a broad base of comparable data for the objective and subjective 

analysis that follows. The SQ testing approach utilised in this study is a standard and widely 

accepted approach in SQ engineering [3, 5, 6] and consist of the following aspects: 
 

3.1.   Record interior sounds with the aid of a well calibrated binaural HATS. 

3.2.   Analyse the recorded sounds objectively using software (SSQTOOL developed by   

         Ford) to obtain SQ metrics. Interior sounds in this study were objectively analysed for: 

o Zwicker loudness [sone],  

o Aure sharpness [acum] and  

o Zwicker fluctuation strength [vacil]  

3.3.   Analyse the recorded sounds subjectively by a panel of 15 jury members.  

3.4.   Correlate the findings of these two analyses with one another to obtain an equation to  

         benchmark the interior sound quality for LCVs.  

 

 

 

 

 

 

Figure 11: The Recording and analysing flow-chart 
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The connection and interaction among the different components of the sound quality procedure 

and physical equipment is illustrated in figure 11 and is discussed in detail in the next sections. 

 

3.1. Sound recording 
 

As stated in the literature review, recording of the sound is a delicate matter. The complete 

recording procedure was therefore planned and tested thoroughly before any final, time 

consuming, recordings were attempted. This is important as the test-vehicles were supplied by 

different car dealerships and it would be difficult to obtain the exact same vehicles for a second 

set of measurements, repeatability could therefore become an issue [6]. 

 

Before any recordings were made, all the sub-systems utilised for the SQ analysis were 

calibrated and checked individually, utilising proper statistical methods to determine error 

margins and repeatability. A standard sound level calibrator, type 4231, was used to calibrate 

each ear individually, the condenser microphones together with their individual pre-amplifiers 

and the dual-power supply. The respective output from the dual-power supply was monitored on 

SigLab, a very accurate Matlab based signal analyser software. The Digital Audio Tape (DAT) 

recorder was also calibrated via SigLab, by monitoring its’ standard calibration output of ±1V. 

The headphone distributor as well as the headphones themselves were also calibrated via 

SigLab before they were used.  

 

The complete calibration procedure of all sub-systems utilised in this SQ analysis is given in an 

Operation Manual, which is supplied as an additional document and is stored in the vibration 

Lab. All the equipment was found to behave very accurate, repeatable and linear. To be able to 

record in remote places, all the equipment needed to make the sound recording is portable and 

battery powered, as can be seen in figure 12. All the equipment shown in figures 12 and 14 is 

described in detail in the Operation Manual. For more technical information on the equipment 

consult documents [25 and 29].  

 

After calibration and testing the equipment, the binaural head and torso simulator (HATS) was 

placed on the front passenger seat of each test-vehicle and securely fastened. Care was always 

taken that the HATS head did not make contact with the headrest in the test-vehicle, as this 

would results in a hard “doof” sound (saturation of the signal) on the recording at every bump in 

the road. Recordings were conducted once the test-vehicle was travelling on the specified road 

section at the particular speed with the correct gear selected.  
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Figure 12: Recording set-up at remote location 
 

 

The three different major noise sources during steady-state conditions were investigated in 

order to cover a larger part of vehicle interior sound quality. As mentioned in the Introduction, 

the dominant sources of noise influencing the interior sound quality in a vehicle are road/tyre 

interaction, aerodynamic noises and engine noise. The conditions under which the effect of 

these noise sources were tested are discussed individually in the next paragraphs. All tests were 

performed with all windows fully shut and air conditioning, ventilation fan and music off. 
 

The influence of road/tyre interaction noise on the interior sound quality of the test vehicles was 

investigated by accelerating the test-vehicles down a medium declining rough tar road. As soon 

as the vehicles reached the test-speeds of 60/80/100/120 km/h (speedometer) respectively, the 

gear lever was placed in neutral and the vehicles were allowed to freely run downhill, with 

idling engine and clutch released. Recording was conducted for a duration of around 15 - 20 

seconds, depending on how long the vehicles maintained the respective test-speed. 
 

The R302 of the M6 on the way to Banghof was chosen to be the test track in Pretoria. While 

for Stellenbosch the R310, down the Helshoogte-pass, just outside Stellenbosch on the way to 

Franschoek, was the chosen test track, see figures 13a and 13b.  
 

The influence of aerodynamic noise on the interior sound quality of the test vehicles was 

investigated by accelerating the test-vehicles down a medium declining smooth tar road. As 

soon as the vehicles reached the test-speeds of 60/80/100/120 km/h (speedometer) respectively, 

the gear lever was again placed in neutral and the vehicles ran freely downhill, with idling 

engine and clutch released. Recording was conducted for a duration of around 15 - 20 seconds, 

depending on how long the vehicle maintained the respective test-speed. 
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These tests were conducted on the N4 towards Witbank for the vehicles tested in Pretoria. 

While, the M12 to Bellville Industrial area, just outside Stellenbosch, was chosen as the test 

section for the vehicles tested in Stellenbosch, see figures 13a and 13b.  
 

 

Figure 13a: Roadmap for Stellenbosch roads 

 

The influence of engine noise on interior sound quality of the test vehicles was investigated by 

driven these vehicles up a slightly inclining, smooth, tar road. Recordings were conducted once 

the vehicles reached test-speeds of 30/50/60/80/100/120 km/h (speedometer speed), 

respectively. Recordings were conducted for approximately 20 seconds at each test-speed. 

  
 

 

Figure 13b: Roadmap for Pretoria roads 

 

The 30 km/h test was conducted in 1st gear, at wide open throttle (WOT) and the 50 km/h test in 

2nd gear at WOT. This was done to be able to record an interior sound which is dominated by 

engine noise alone. As at higher vehicle speeds and lower engine speeds, the aerodynamic 

noises play a significant role. 
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The other four test-speeds were performed under normal driving conditions. The 60 km/h tests, 

on all road surfaces, as well as the 80 km/h and 100 km/h uphill tests on rough road, were 

conducted in 4th gear. While all other speeds were conducted in 5th gear. This gear selection was 

made to keep engine revolutions in the normal range (3000 - 4000 rpm) and to record interior 

sounds that are equally influenced by engine, aerodynamic and road noise.  
 

All these tests for engine noise investigation were conducted on the N4 towards Witbank for the 

vehicles tested in Pretoria. While, the M12 to Bellville Industrial, just outside Stellenbosch, was 

chosen as the test section for the vehicles tested in Stellenbosch, see figures 13a and 13b. 
 

To summarise these tests, table 1 gives the test conditions and which noise type was 

investigated at each condition. All these tests were conducted for each test-vehicle, on the 

respective roads mentioned above in Stellenbosch or in Pretoria. 
 

Table 1: Test conditions investigated 

Test condition ID Conditions Noise type tested 

TC1 Downhill in gear on rough road Engine / road noise 

TC2 Downhill in Neutral on rough road Road noise 

TC3 Uphill in gear on rough road Engine / road noise 

TC4 Downhill in gear on smooth road Wind / road noise 

TC5 Downhill in Neutral on smooth road Wind noise 

TC6 Uphill in gear on smooth road Wind / engine noise 

TC7 Level road in gear (at WOT) on smooth road Engine noise 
  

Table 2 gives some comments on the test conditions for each noise source under investigation. 

Fourteen test conditions were investigated for each vehicle, making it 154 objective tests that all 

were analysed for three objective metrics, loudness, sharpness and fluctuation strength, with the 

aid of SSQTOOL. 
 

Table 2: Comments on test conditions 
Noise source Comment 
 
Road/tyre 
noise 
 

 
Try to eliminate all sound factors that are not caused by the road or tyre 
interaction. 
Only short duration recordings are possible on each attempt, as the car is 
unlikely to maintain the same rolling speed over a long period. 
 

 
Wind noise 
 

 
Try to eliminate all sounds that are not caused by the aerodynamic noises. 
Only short duration recordings are possible on each attempt, as the car is 
unlikely to maintain the same rolling speed over a long period. 
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Engine noise 
 

Because of low speeds wind and road noises will be minimal. 
Tests should be performed when the road has little to no traffic, in order to 
eliminate interfering sounds of passing vehicles, because of the low driving 
speed. 
 

General 
driving 
condition 

Test should be performed when streets are almost traffic free, to eliminate 
interfering sounds from other vehicles. 

 
 

As stated before, the interior sound recordings were conducted with the aid of a binaural head 

and torso simulator (HATS). The one used in this study was built by Brüel&Kjaer and is known 

as Mike (for microphone). Mike records sound signals via two very sensitive (50 mV/Pa) 

condenser microphones situated inside his left and right ears. The signals recognised at the two 

microphones are amplified by two pre-amplifiers, which are also placed in the head of the 

HATS and are connected to the microphones via an angle-piece. An external dual-power supply 

provides power to the two pre-amplifiers, as well as amplifies the signal even more if needed. 

More information on the microphones, pre-amplifiers and dual-power supply as well as their 

connection and calibration is provided in the accompanying Operation manual and in [25].   
 

After the recorded signal is amplified, it is stored, as a digital stereo sound, on a digital audio 

tape (DAT) by a digital data recorder. The DAT recorder is a high precision acquisition machine 

and can be set to sample at a number of frequencies. The sensitivity of the recorded data can 

also be adjusted on the DAT recorder, by selecting the maximum input value (0.5 – 5 V). This is 

accomplished as the DAT recorder output is always set between ±1 V, therefore a 2.5 V input 

signal recorded on a 5 V DAT-recorder-setting, will be exported as 2.5/5 x 1 = 0.5 V signal.     
 

The recorded data is then transferred from the DAT recorder onto a personal computer hard-

drive utilising a digital signal analyser box (SigLab for this study) and are then transformed into 

an audio (wav) file by Matlab based software. The signal recorded on the DAT tape does not 

undergo any volume or setting changes, as a pure digital signal at the respective DAT-recorder-

setting is transferred to the computer hard-drive. The transfer process could also be performed 

by making use of a program called Gold-wave software. However, this method is not as 

convenient and does not provide the same accuracy, as volume settings on the audio-card, 

through which the signal is transferred, may influence the integrity of results.  
 

The DAT recorder, as well as Matlab, capture sound recordings digitally, imposing a data loss 

from the original analogue signal, as the digital systems sample the continuous  analogue signal 

at specific time intervals. To minimize these losses and prevent aliasing, the DAT recorder as 

well as Matlab were set to sample at a rate of 44 kHz, which is higher than twice the highest 

frequency of interest (15 kHz). 
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3.2. Objective analysis 
 

The objective analysis follows the recording of the sounds and is comprised in the “Analysis 

section” in figures 11 and 14. 
 

 

Figure 14: The workstation 

 

After the sound recordings have been made, the sound section of interest was cut out of the 

complete recording and edited using the audio-file (wav) editing tools in Gold-wave. The final 

sound samples were chosen to be 5 seconds long, as the first impression the sound had on a 

subject had to be investigated. 
 

These sound samples were then objectively analysed to determine the objective metrics present 

in the sound. The objective metrics were calculated by software known as SSQTOOL, which 

was developed by Ford Motor Company, and is based in Matlab. SSQTOOL analysed the 

recorded sounds for three objective metrics, these were: 

• Zwicker loudness (N) in [sone] 

• Aure sharpness (Sh) in [acum] 

• Zwicker fluctuation strength (FS) in [vacil] 
 

The precise working of SSQTOOL is discussed in the accompanying Operation manual, 

including calibration procedures of the program. Sample calculations and result tables for the 

investigated objective metrics are attached in Appendices B and D.1, respectively. 
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A ‘diffuse sound field’ correction was applied in SSQTOOL, since the sound recordings were 

made with a head and torso simulator (HATS) in an area which is surrounded by sound 

reflective surfaces. The vehicle cabin encloses the HATS and sounds are reflected back to the 

torso’s ears from all sides (these corrections are shown in table 3 in the Operation manual for a 

B&K 4100 binaural HATS). 
 

A number of the objective tests were repeated, to ensure repeatability and prove a stable 

measuring procedure and the accuracy of the apparatus, as discussed in [18]. Eight light 

commercial vehicles (LCVs) as well as three small hatch-back vehicles were objectively tested 

and compared. These tests were conducted on roads in Stellenbosch and Pretoria, as mentioned 

in section 3.1 before. For a list of which types of vehicles were investigated and conditions 

during testing, consult Appendix C. The test-vehicles were petrol powered and were: 

• LCVs:    
o Two 1.3i and three 1.6i from manufacturer a 
o One 1.4i and one 1.6i from manufacturer b 
o One 1.6i from manufacturer e 

 
• Hatch-back vehicles:   

o One 1.6i from manufacturer a 
o One 1.6i from manufacturer c 
o One 1.3i from manufacturer d 

 

All objectively tested vehicles were numbered and placed under a vehicle category: 
 

 Table 3: List of objectively tested vehicles 
Vehicle ID Manufacturer ID Model year Vehicle type 

Vehicle A Manufacturer a 2003 LCV 

Vehicle B Manufacturer b 2006 LCV 

Vehicle C Manufacturer c 2005 Hatch-back 

Vehicle D Manufacturer a 2005 Hatch-back 

Vehicle E Manufacturer d 2006 Hatch-back 

Vehicle F Manufacturer a 2003 LCV 

Vehicle G Manufacturer a 2006 LCV 

Vehicle H Manufacturer a 2006 LCV 

Vehicle I Manufacturer e 2005 LCV 

Vehicle J Manufacturer b 2005 LCV 

Vehicle K Manufacturer a 2005 LCV 
 

 

All further reference in the objective test and result sections will be made to these vehicle ID’s, 

in order to remove manufacturer bias. However, only seven of these vehicles were chosen to be 

compared for the subjective evaluation and correlation section. There will thus be a new set of 

vehicle numbers for these, the list is given in table 4, in section 3.3. 
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A number of problems were encountered during the data collection and analyses, but they could 

mostly be overcome. The first difficulty was to find a suitable road, which would be adequate 

for recordings, but not being too busy, so that only traffic noise would be recorded. To avoid 

this, it was found that street-testing should be conducted between 10h00 and 11h00 or between 

14h00 and 15h30, when traffic is less, however a private test track would be optimal.   
 

A second concern encountered was that Mike, the binaural HATS, was found to be seated too 

low in the passenger seat and that his head made contact with the head-rest during testing. 

Contact between Mike and the head-rest results in a saturated input signal on the DAT recorder. 

This is due to the fact that Mike’s head is hollow and a bump would produce a large pressure 

wave in his head, thereby saturating the microphone input. These shortcomings can be 

overcome, by placing Mike on a soft pile (10 cm high). This not only lifts his head to an average 

occupant’s height, but also gives him more stability during cornering and braking manoeuvres. 

The problem of keeping the head away from the head-rest was overcome by placing a firm 

sponge between Mike’s back and the seat.   
 

A final issue, which was addressed before, is the amplification of low frequencies by Mike. 

However, as mentioned before, this is an effect produced by listening to sound recordings via 

headphones. This phenomenon occurs due to a mismatch of visual stimuli, as subjects combine 

the sound they hear with what they see in the listening room, which is obviously different to 

what would be observed in the real testing environment. Therefore this low frequency 

amplification is only an apparent feature. 
 

A comprehensive summary on experimental set-up, calibration, equipment settings, things to 

watch out for as well as operating instructions for SSQTOOL, are provided in the Operation 

manual. All model and serial numbers for the equipment used during these experiments are also 

listed in this document. Additional information on the recording and analysing equipment can 

be found in the data sheets supplied by Brüel & Kjaer [25 and 29].  

 

3.3. Subjective evaluation 
 

After the sounds to be investigated have been recorded, suitable sections from the complete 

audio (wav) file recording were selected. Around 20 second recordings for a specific test-

condition were conducted, but only 5 sec samples of these are utilised for the objective and 

subjective evaluations. These selections of the recorded sounds were then analysed for three 

objective metrics, utilising SSQTOOL. The eight most representative test conditions, 

objectively analysed, were selected for the subjective jury evaluation. These investigated test 
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conditions are specific cases of the objective test conditions mentioned in table 3. For instance, 

only the 100 km/h test was chosen from all the test-speeds for TC2. See table 5 and 6 for the 

details of these selections.  
 

The subjective evaluation was further streamlined by selecting only seven out of the eleven 

vehicles to be investigated. The vehicles chosen for the subjective tests were five LCVs, all of 

which were tested in Pretoria, and two hatch-back vehicles, tested in Stellenbosch.  
 

The decision to narrow the subjective evaluation to these test conditions and vehicles was based 

on the fact that it would be extremely time consuming to investigate all objectively analysed 

sound samples. It is also believed that the results obtained by evaluating all sound samples 

would yield only marginally more representative results, as the most representative test 

conditions and vehicles were chosen. More detail on this selection is given in later paragraphs.   
 

After having decided on the test conditions and test vehicles to be evaluated, the next step is to 

select a representative jury for the subjective evaluation. The jury selected for this study 

consisted of 12 males, aged between 21 and 45, and 4 females, aged between 20 and 24, with a 

mean age of 24 for the group. The jury members had no prior sound evaluation experience, 

which is preferred [3], and form a representative group for possible customers for ½ ton LCVs.  
 

The listening room available for this study was rather small. Therefore, the jury had to be 

divided into a number of smaller groups. It was decided to split the jury into three groups of 3 

jurors each and three groups of 2 jurors each. The advantage of this division was that people 

were not disturbing one another during the tests and the sound samples could be presented in a 

different sequence to each jury panel. Shuffling the presentation order of sound samples 

removes all bias that could have been present due to the order in which sounds are presented [3].  
 

Headphones were used to present the jury members with the sound samples. The headphones 

and headphone amplifier were calibrated utilising the binaural HATS, to ensure that an 

equivalent stimulus was presented to each juror. The flexibility of presenting sound samples 

over headphones had the additional advantage of eliminating the influence of listening room 

acoustics and the positioning of jurors in the room. These advantages of using headphones were 

discussed in detail in section 2.1.3.  
    
The listening room was kept at a pleasant temperature, of around 22 oC, low humidity and 

adequate ventilation, for the convenience of the jury panel. Care was also taken to remove all 

disturbing environmental sounds from the listing room. This included, removing the personal 

computer tower from the listing room, as its fan was quite loud, and switching off a noisy neon-



 50 

light. This is an important factor, as disturbing environment sounds may have an unforeseeable 

effect on jurors during sound evaluations [3]. 
 

Each jury panel was provided with identical, clear and easy to understand instructions and an 

answer sheet for both subjective evaluation methods. A short description of the sounds that were 

to be presented to the jury was given to them prior to the tests. No particular vehicle or 

manufacturer names were mentioned to the jury, to avoid brand bias amongst the jury. A short 

hearing test (identification task) was conducted on each juror individually, to investigate if 

subjects had above-average hearing capabilities. At the start of each subjective evaluation test, a 

few sound samples were presented to the jury to familiarise subjects with the type of sounds 

they could expect during these sound tests.  
 

A Matlab computer program was used to present the jury panels with a number of sound sample 

pairs, which always were from the same test conditions, for example TC1. All jurors in a given 

panel were presented with an identical sound for the same time, as the stimuli came from a 

single computer and was distributed to the jury via the headphone distributor. This set-up is 

known as a paced jury set-up, as all jury members were presented with the identical sound pair, 

at exactly the same time and had an identical time span to respond. For this method, the operator 

also controls the time between presented sound pairs. However, jury members were allowed 

sufficient time, around 4 seconds, to make their decisions. Jurors were asked to mark their 

choices on the specific answer sheet provided to them. Logistical reasons forced this response 

method, as not enough personal computers were available to provide each juror with their 

individual computer. 
 

As stated before, only a selection of the objectively analysed test conditions were evaluated 

subjectively. The total duration of the subjective evaluation was carefully monitored, to prevent 

juror fatigue. As fatigue amongst jurors might causes them to become less discriminating and 

objective when evaluating these sounds. The complete test ran for a duration of 55 min for each 

jury panel, with one 5 min and five 2 min breaks, which is a suitable duration by literature 

standards [3, 5]. 
 

Two subjective evaluation procedures were chosen to obtain representative results for the 

correlation with the objective metrics. These were recommended by literature [3, 5 and 6] and 

were found to provide strong relationships between the objective and subjective analyses. The 

chosen subjective evaluation methods are the forced choice paired comparison test and the 

semantic differential rating test. The test conditions investigated for these two evaluation 

criteria respectively, are listed and discussed under the appropriate method in the next 

paragraphs.  
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The paired comparison test, the easier evaluation procedure, formed the first part of the 

subjective evaluation. This gave the jurors a good idea of what sort of sounds they would have 

to evaluate during the second, more sophisticated, semantic differential test. 
 

The test-vehicles for all subjective evaluations were the same and are numbered as indicated in 

table 4. (As mentioned before, all the LCVs were tested on roads in Pretoria, while the two 

hatch-backs were tested on roads near Stellenbosch). 
 

 

 Table 4: List of subjective test-vehicle IDs 
Sub. vehicle ID Obj. vehicle ID Manufacturer ID Year model Vehicle type 

Vehicle 1 Vehicle F Manufacturer a 2003 LCV 

Vehicle 2 Vehicle H Manufacturer a 2005 LCV 

Vehicle 3 Vehicle I Manufacturer e 2005 LCV 

Vehicle 4 Vehicle J Manufacturer b 2005 LCV 

Vehicle 5 Vehicle K Manufacturer a 2005 LCV 

Vehicle 6 Vehicle D Manufacturer a 2006 Hatch-back 

Vehicle 7 Vehicle E Manufacturer d 2006 Hatch-back 

 

Even as these test-vehicles are the same as the objectively tested ones, as indicated in  table 4, 

the test-vehicles included in the subjective evaluation were given alternative designations. This 

was done to differentiate these vehicles and make conclusions more specific. These new vehicle 

IDs will be used to refer to these selected vehicles during the subjective results and conclusion 

sections.  
  

These vehicles were selected for the subjective evaluations for a number of reasons. Firstly, all 

the chosen LCVs were tested on the same test track, on Pretoria streets, making them a more 

reliable comparison. This is, as results from vehicles tested on different road surfaces would 

have to be adjusted, in order to be directly comparable. However, these adjustments leave a 

possibility for error and therefore should be avoided if possible. Secondly, a vehicle from every 

manufacturer was present in this investigation. Furthermore, including too many vehicles in 

these evaluations would make the process very time consuming, without assuring more accurate 

results. The older LCV (vehicle 1) was included in these evaluations, as it forms the base-line 

vehicle for these tests. It was the only vehicle which could be altered and changed to adjust 

acoustic properties in its cabin, as it was available to the conductor right through the study. 
 

The forced choice paired comparison test was the first test each jury panel had to complete. The 

forced choice paired comparison test was chosen as the first subjective evaluation method for its 
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known advantages. It produces superior results to a rating task method for untrained subjects, as 

jurors only have to make a decision if they prefer sound A or B. Another advantage of this 

method is that a large number of sounds can be compared in a short time, as the evaluation 

process is straightforward and quick. As stated before, this evaluation was conducted first, as it 

is an easier task and gave the jurors a good idea of what sort of sounds they had to rate later on 

in the semantic differential test. Each of the six jury panels was presented with three 

representative sound samples before the actual test started, to make jurors accustomed to the 

sounds they were about to rate. 
 

As mentioned before, the paired comparison was chosen to be a paced jury test. This decision 

was made due to logistical constraints, but also as it allows a larger number of sound samples to 

be compared in a given time, without exhausting the jury or sacrificing accuracy [3]. However, 

a disadvantage of the paired comparison test procedure is that it only reveals the preference of a 

certain sound, with no indication of the margin by which it was preferred over other sounds [3].  
 

This study focuses on the influence of road noise on the interior sound quality in LCVs. The 

five test conditions chosen for the paired comparison evaluation process, see table 5, are 

therefore those conditions where these noises are strongly evident. Nevertheless, as stated 

before, a test condition for which engine noise and one for which aerodynamic noises were most 

dominant were also included in this subjective evaluation process. These test conditions were 

included to compare the effects of these different noise types and to evaluate interior SQ on a 

broader base.  
  
 

Table 5: Paired comparison test conditions 
Test ID Test condition Vehicle tested Reason for selecting particular test 

PCT1 100 km/h downhill on a 
rough tar road in Neutral 
(Specific case of TC2) 
 

4 LCVs 
2 Hatch-backs 

Mostly road noise. 
Sounds are spread over the N and Sh 
spectrum 

PCT2 50 km/h on a level and 
smooth tar road in 2nd gear 
(Specific case of TC7) 
 

4 LCVs 
2 Hatch-backs 

Mostly engine noise. 
Sounds are spread over the N, FS and 
Sh spectrum.  

PCT3 120 km/h uphill on a 
smooth tar road in 5th gear 
(Specific case of TC6) 
 

5 LCVs 
2 Hatch-backs 

Mostly aerodynamic noise. 
Very spread over the N spectrum. Sh 
and FS are similar for all.  

PCT4 100 km/h downhill on a 
smooth tar road in 5th gear 
(Specific case of TC4) 
 

5 LCVs 
2 Hatch-backs 

Mostly road and wind noise. 
Very spread over the FS and N 
spectrum. Sh is similar for all.  

PCT5 80 km/h uphill on a rough 
tar road in 4th gear 
(Specific case of TC3) 
 

5 LCVs 
2 Hatch-backs 

Mostly engine and road noise. 
Very spread over the FS spectrum. N 
and Sh are similar for all.  

 

Where:  N   = Zwicker loudness [sone] FS = Zwicker fluctuation strength [vacil] 
  Sh  = Aure sharpness [acum] 
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The test conditions mentioned here, PCT1 – PCT5, are special cases of the overall objective test 

conditions, TC1 – TC7. For instance, PCT1 is the 100 km/h test from TC2 and PCT2 is the 50 

km/h test of TC7. See table 5 and Appendix D.1.1 for more details on this. This was done to 

reduce the number of tests that had to be analysed subjectively, as these tests are very time 

consuming. 

 

In contrary to the standard full M x M matrix of sound pair evaluation procedure used in paired 

comparison evaluation, not all sound pairs were compared twice and sounds were not compared 

to themselves, in this study. This procedure is supported by literature [3], stating that if the 

number of vehicles exceeds six, a selection of sound pairs to be presented twice can be chosen 

to accurately represent the response of a juror for the remaining sound pairs. Nevertheless, a 

significant number of sound pairs, in this study four out of seven, were presented to the jury 

again in reversed order to provide an opportunity to check for consistency of subjects. This was 

done to reduce the total testing time and to eliminate the need of a second session for jury 

panels, as these are difficult to arrange [3]. The specific sounds were chosen not to be evaluated 

against one-another, as this might frustrate jury members.  

 

Lastly, sound samples were arranged together in six sound blocks of 24 sound pairs each. After 

each block, the jury was allowed a 2 min break to relax and refresh themselves, in order to keep 

the jury interested and on their toes. The sequence of sound pairs was scrambled, so that no two 

sound pairs from the same test condition followed one another. To further remove all possible 

bias from the sound pair sequence, the six sound blocks were also presented in a different 

sequence to each jury panel. The precise sequence of a typical sound pair presentation order for 

one of the jury panels is attached as Appendix C.4. 

 

In most of the sound samples presented for subjective evaluation rough road noise, which is 

rather unpleasant, was strongly evident. Therefore, jurors were asked to choose the sound they 

would prefer, rather than which one sounded more pleasing. In order to capture the first 

impression a sound made on a subject, sound sections were only 3 sec long. A short break of     

1 sec was made between sounds in a pair, to keep the first sound freshly in the mind of the juror 

when evaluating the second. In order to allow jurors sufficient time to make their decision, a     

4 sec break was given before the next sound pair. The different jury panels took around 4.5 min 

to evaluate a sound block {((3 x 2) + 1 + 4) x 24 = 4.4 min}. The total duration for the complete 

paired comparison evaluation took around 40 min {(4.5 + 2) x 6 = 39 min}. 

 

After the paired comparison test, a 5 min break was given, to allow jurors to relax and refresh 

themselves, before the more difficult, semantic differential test started. 



 54 

For the Semantic Differential evaluation, the listing room and all volume and headphone 

settings were kept identical to the previous, paired comparison, test. Again, the test procedure 

was explained to each jury panel and a few representative sound samples were presented to the 

jurors, before the first test started. For this test, jurors had to evaluate sound samples from the 

test vehicles for three specific criteria. They had to evaluate these different sounds on unmarked 

lines, rating them according to a question such as: “How annoying is this sound to you”. The 

line was then marked on the two extremes as “very irritating” and “not irritating”, for the 

precise evaluation form, refer to figure 15 and Appendix C.3. The sequence in which the three 

test conditions, SDT1 to SDT3 were presented to each jury was scrambled. This was again done 

to avoid sequence bias. The details of the criteria for each test are listed in table 6.   

 

Table 6: Semantic differential test conditions 
Test no. Test condition Vehicles tested Reason for selecting particular test 

SDT1 Testing Annoyance: 
120 km/h downhill on a     
rough tar road in Neutral 
(Specific case of TC2) 
 

5 LCVs 
2 Hatch-backs 

Mostly road and wind noise. 
Sounds are spread over the N and 
Sh spectrum 

SDT2 Testing the feel of Luxury : 
120 km/h uphill on a smooth 
tar road in 5th gear 
(Specific case of TC6) 
 

5 LCVs 
2 Hatch-backs 

Mostly engine and wind noise. 
Very spread over the N spectrum. 
Sh and FS are similar for all.  

SDT3 Testing subjective Loudness: 
100 km/h downhill on a  
rough tar road in Neutral 
(Specific case of TC2) 
 

4 LCVs 
2 Hatch-backs 

Mostly road noise. 
Sounds are spread over the N and 
Sh spectrum 

 

 

Test condition SDT1 was chosen to test annoyance, as a very apparent low-frequency road 

rumble is present in these sound samples. The fact that the Zwicker loudness (N) as well as Aure 

sharpness (Sh) were spread over a wide range (45 – 60 [sone] and 1.67 – 2.3 [acum] 

respectively), made this particular test condition even more suitable for semantic differential 

evaluation. This spread of the objective metrics provides a good possibility to investigate 

subjective evaluations over the range of these two metrics. Fluctuation strength was not 

compared for this test, as this metric tends to “bomb out” for sound samples recorded on rough 

road surfaces, at high speeds (SSQTOOL can only calculate FS of up to 0.5 [vacil]).  

 

The test condition SDT2 was ideal to investigate what subjects perceived as being a luxurious 

interior sound, as these recordings presented relaxing and effortless sounding interior sounds. 

These sound samples were spread over the N spectrum (34 – 46 [sone]), but had similar values 
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for Sh and FS (1.95 – 2.13 [acum] and 0.21 – 0.3 [vacil] respectively), presenting a good base 

for evaluating the effect of loudness on subjective perception.  

 

For test condition SDT3 subjective loudness was investigated in this evaluation, as all the sound 

samples were very noisy for this condition. The sounds spread over a wider spectrum of the 

objective metrics N and Sh for this test condition (43 – 54 [sone] and 1.54 – 2.08 [acum] 

respectively), again providing a good investigation possibility. FS was again omitted from the 

evaluation, as it could not be calculated for most vehicle sounds. Vehicle 4 was omitted from 

the evaluation of this test condition, as a rattle was present in the specific recording, which 

forced the objective results of this sound out of proportion. 

 

Jurors had to evaluate and compare the interior sounds from the test vehicles travelling on 

similar roads at the same speeds. The evaluation was performed by rating these sounds on un-

scaled lines, which were only marked descriptively at the extremes, for example: not annoying – 

very annoying. The evaluation lines were unmarked, see figure 15, as each juror tends to restrict 

themselves to different limits within those supplied. As sounds were rated sequentially, subjects 

tended to avoid the extremes for the current sound, just in case an upcoming sound would be 

even better (or worse). The first sound of each test condition was chosen to have objective 

metrics which were midway in the field, so that it served as a reference sound. 

 

The different jury panels completed this test in around 10 min, as the seven sound samples were 

presented for a duration of 5 sec each and allowing a 5 sec break between samples. A 2 min 

break was allowed between different test condition evaluations. 

 

In summary, it should be noted that even though care was taken in selecting and educating the 

jury members for these evaluations, these results should be viewed as tendencies of what 

average customers would prefer as their interior vehicle sound. It was observed that the 

correlations between these subjective ratings and objective metrics improved as more subjects 

were added. This finding improved confidence in the obtained correlations. The correlations 

found are believed to indeed be a fair representation of what sort of sounds are preferred for 

interior sound quality by average customers. Nevertheless, there are known to be a number of 

unknowns in SQ engineering, for example the non-linear behaviour of human hearing. 
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3.4. Correlation procedures 

 
The correlation between the objective and subjective analysis forms the final step in the sound 

quality (SQ) procedure. 

 

Both subjective evaluation methods were at first correlated against single objective metrics, 

such as Zwicker loudness and Aure sharpness. Then the subjective ratings were correlated 

against a combination of objective metrics, in order to obtain a stronger correlation than for 

single metrics alone. These combined correlations could ultimately be utilised to optimise 

interior SQ and set target values for the interior sound quality of future LCVs. The correlation 

procedure for each of the subjective evaluation methods is discussed in the next paragraphs. 

 

After subjects had completed their evaluation of the paired comparison test, the individual and 

group repeatability and consistency had to be determined. Repeatability was checked by 

determining if the same sound was preferred the first and second time it was compared to a 

given other stimuli. This procedure also revealed if jury members were influenced by sequence 

bias, as presentation sequence of sound samples in a pair were alternated for the two times they 

were compared against one-another. The results of two subjects had to be disregarded from 

further correlations, as the reliability for these subjects was below 70%. The remaining 14 jurors 

managed a respectable average repeatability of 84%.   

 

The consistency of jury members was checked by the sound triad method [21]. This method 

investigates if a subject that preferred sound A over B and B over C did indeed also prefer A 

over C. No subjects had to be eliminated due to bad consistency, the group of jurors handled a 

superb average of 96% consistency. The consistency check for a representative test, PCT3, for 

all subjects, is attached as Appendix D.2. 

 

The sound samples from the different vehicles were rated against one-another by evaluating the 

number of times they were preferred out of the times tested. Sound samples from the same test 

condition were then correlated with the objective metrics Zwicker loudness (N) and Aure 

sharpness (Sh). Linear regression was employed to provide a mathematical relationship between 

the subjective and objective evaluations for the different sound samples. A straight line 

correlation was found to approximate the data’s tendencies well. The correlation coefficient (R2) 

was calculated to determine the accuracy of and this linear fit with the experimental data. 

  

Finally, the subjective evaluations of the paired comparison test was correlated with an equation 

combining N and Sh metrics, in order to obtain a more representative response to different 
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sound attributes. This correlation was made with respect to how the entire jury rated particular 

interior sound samples. To better compare the results of this study to previous findings, the 

correlation’s y-axis, labelled “subjective preference”, was intercepted at 0.5 (50%), to visually 

separate unpleasant sounds (below 0.5) from the ones rated as pleasant (0.5 – 1). The target 

figure 8 and the result figures 26 to 34 can be viewed to better visualise this aspect.   

 

The evaluations of the Semantic differential test were not investigated for repeatability and 

consistency again. This is as, the paired comparison method provided these findings already and 

subjects were found to be consistent through different evaluation methods [3]. Subjects that 

were eliminated from the paired comparison correlations, were also not included in any further 

correlations for this evaluation method. 

 

As mentioned before, the lines provided for the semantic differential evaluation were unmarked. 

Each juror’s evaluation therefore needed to be individually investigated, as each juror confined 

themselves differently between the two extremes provided. The individual evaluation was rated 

by dividing the range used by each juror into six (number of sounds – 1) equal sections. The 

highest rated sound was assigned a 7 and the least preferred one, a 1. All evaluated sound 

samples in between were rated respectively to their placement, see figure 15 for explanation. 

These ratings for each sound sample were summed for all jurors and the sound samples from a 

particular test condition, for example SDT1, were then compared. 

 

Annoyance  (Rate how irritating the following recordings sound) 
 

 Not Irritating                            Very Irritating 
Sound 1: 
Sound 2: 
Sound 3: 
Sound 4: 
Sound 5: 
Sound 6: 
Sound 7: 

 
 

Figure 15: Marking of semantic differential evaluation 

 

These combined ratings were then plotted on a set of axis, similar to the ones utilised for the 

paired comparison test. Therefore, sounds which were rated similar or have similar objective 

characteristics clustered together on the graph. The average for the first 9, 11 and 14 subjects 

1 2 3 4 5 6 7 Test individual score line: 

Obtained ratings 4.6 

6.2 

5.5 

4.1 

2.5 

1 

7 
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was calculated individually and it was found that correlations and tendencies improved as more 

subjects were added.  

 

The subjective ratings for the semantic differential method were correlated to three objective 

metrics (N, Sh and FS). As expected, N and Sh were found to give stronger correlations than 

obtained during the paired comparison test correlations. This was to be expected, since subjects 

could physically rate how much a given sound sample was preferred over another one, which is 

impossible for the paired comparison evaluation. However, FS was again found to only 

correlate weakly with subjective evaluations (R2
FS

 ≈ 0.2). 

 

In this chapter the experimental procedure followed in this study was discussed. The study, in 

short, follows this procedure. First sound samples of interest were being recorded in the eight      

½ ton LCVs and three hatch-backs, with the aid of a binaural HATS. The binaural HATS was 

situated in the front passenger seat of the test-vehicles during recordings. These sound samples 

were then analysed for their objective metrics by a software known as SSQTOOL. Zwicker 

loudness, Aure sharpness and Zwicker fluctuation strength were the investigated metrics. A 

selection of these objectively analysed sound samples were then subjectively rated by a jury 

consisting of 16 members. The subjective evaluation was performed by the forced choice paired 

comparison and semantic differential evaluation methods. The final step in the SQ procedure 

was the correlation between objective and subjective evaluations of the sound samples. Linear 

regression was the method chosen to obtain this correlation. The found correlation was then 

used to develop equations to directly optimise vehicle interior SQ, this is discussed in chapter 5. 

The findings and correlations are discussed in chapter 4 and the target setting and interior sound 

optimisation is discussed in chapter 5.  
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4. Test Results, Discussions and Correlations 

 
The results found in this study are displayed and discussed under the sections (components) of 

the SQ procedure, being: 

4.1. Objective SQ metrics  

4.2. Subjective evaluation  

4.3. Objective / Subjective correlation  

 

Only a few representative figures are displayed in this section, to provide a general impression 

of the findings of this study. A number of additional tables and figures are attached under 

Appendix D.1.1. – D.1.3, to substantiate the findings and conclusion of this study. The 

remaining figures plotted and evaluated during this study are placed in the “Results” file, which 

accompanies this thesis. 

 

All objective results were obtained utilising the Matlab based software SSQTOOL, developed 

by Ford Motor Company. The total loudness (N) calculated by the software is based on 

Zwicker’s method of determining the specific loudness (N') per Bark (z) and summing these. 

Thereafter, the answer is divided by the total number of Barks, as described in section 2.1.2.1.  

The N calculated by SSQTOOL is based on a diffused sound field, which is used for areas were 

the binaural head and torso simulator (HATS) is surrounded by sound reflecting surfaces. This 

setting is certainly appropriate in the case of a vehicle cabin. However, this setting overstates 

loudness values, if compared with the free sound field setting. The calibration table for certain 

frequencies for this diffused field setting, which is programmed into SSQTOOL, is given in the 

Operation manual stored in the vibration lab.  

 

The sharpness (Sh) values calculated by SSQTOOL are based on Aure’s method for sharpness, 

as it provides better correlating results than Zwicker’s metric [6]. This method amplifies higher 

frequency noises, as they are subjectively experienced as more irritating. The detail of this 

metric is discussed in section 2.1.2.2. 

 

Fluctuation strength (FS) in this study is based on Zwicker’s model, see section 2.1.2.3. 

However, it is found to only correlate weakly with subjective ratings (R2FS ≈ 0.2) and is 

therefore omitted from extensive investigation and target setting procedures. 
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4.1. Objective SQ metrics 
 

There were a number of objective tests conducted during this study, for a better overview these 

are displayed in table 7 again: 
 

Table 7: Test conditions investigated 

Test condition ID Conditions Noise type investigated 

TC1 Downhill in gear on rough road Engine / road noise 

TC2 Downhill in Neutral on rough road Road noise 

TC3 Uphill in gear on rough road Engine / road noise 

TC4 Downhill in gear on smooth road Wind / road noise 

TC5 Downhill in Neutral on smooth road Wind noise 

TC6 Uphill in gear on smooth road Wind / engine noise 

TC7 Level road in gear (at WOT) on smooth road Engine noise 
 

Each of the eleven test-vehicles was tested under each test condition for a number of speeds as 

indicated in Section 3.1. Five of these vehicles (2 LCVs and 3 hatch-backs) were tested on roads 

close to Stellenbosch. While, the other six (all LCVs) were tested in Pretoria, as indicated in 

section 3.1. The interior sounds of all test-vehicles were investigated for three objective metrics, 

being N, Sh and FS. Therefore, a large number of figures were plotted and analysed, which 

cannot all be displayed in this section. Only a selection of the representative figures is therefore 

included in this section. Additional figures and tables of objective results are attached in 

Appendix D.1.1 and in the “results file” accompanying this thesis. 

 

 Figure 16: Result figure (N and Sh) produced by SSQTOOL 
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Loudness and sharpness were observed to behave very stable over the recording time, see  

figure 16. It is therefore believed that for instance tenth percentile loudness (N10) would not 

correlate better with subjective ratings than the average loudness, as was suggested by [58]. The 

same cannot be said about fluctuation strength (FS), as it varies strongly over its recording 

duration, see figure 24. 
 

Overall, very similar results were found for the tests conducted in Stellenbosch and Pretoria, see 

Appendix D.1.1. It was therefore decided to only investigate and compare vehicles tested in 

Pretoria. However, to include two representative hatch-backs tested on Stellenbosch roads into 

the final analysis. Including only vehicles tested on the same roads has the advantage that results 

can be compared more accurately, as no environmental differences influence results. The two 

hatch-backs, vehicles D and E, were included in the analysis to provide possible target values 

for future LCVs. However, as these were not tested on the same roads, their objective results 

have to be considered carefully, as these values were normalised for the objective comparison. 
 

The normalisation of these objective results were based on the results obtained from two pairs 

of vehicles of the same kind on the different roads. The objective results of vehicle A and B, 

tested on roads in Stellenbosch, were compared to results of vehicles F and J, tested on roads in 

Pretoria. Vehicles A and F are actually the same vehicle, tested in Stellenbosch and Pretoria 

respectively. Whereas vehicle B and J are the same kind of vehicle, produced by the same 

manufacturer in the same plant and in the same year. Differences reported between the objective 

results obtained on these two roads were then assumed to solely be due to the difference in road 

surface. However, these normalised values for the two hatch-back vehicles may not perfectly 

match the results that would have been obtained if these vehicles were physically tested on 

roads in Pretoria. 
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 Figure 17: Objective loudness for test condition TC2 
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A strong correlation between objective metrics and speed was found in this study. This is 

illustrated for TC2, TC3, TC6 and TC7 in figures 17 to 19 for Zwicker loudness (N) and figures 

21 and 22 for Aure sharpness (Sh). FS was found to be less dependent on speed, see figure 25. 

 

Figure 18: Objective loudness results for test condition TC3 

The selection of gear, as indicated on the figures, should always be considered when evaluating 

the graphical results. For example, the tests uphill at 60 km/h were conducted in 4th gear, 

whereas the ones for 80, 100 and 120 km/h were conducted in 5th gear, which has a strong 

influence on engine speed, which again influences loudness values.  
 

A drop in loudness from the 50 km/h test to the 60 km/h one can be observed in figure 19. This 

is as the 30 km/h and 50 km/h tests are performed at wide open throttle (WOT) in 1st and 2nd 

gear respectively (3500 - 4500 rpm). While the 60 km/h test is conducted in 4th gear and the 

engines are running normally (2000 - 2500 rpm). The specific rpm for each vehicle for a certain 

speed was slightly different, but this should not be a concern for the results of these tests. 
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Figure 19: Objective loudness results for test conditions TC6 and TC7 

Loudness on rough road uphill in gear 

20.00

25.00

30.00

35.00

40.00

45.00

50.00

55.00

60.00

50 60 70 80 90 100 110 120 130

speed [km/h]

L
o

u
d

n
es

s 
[s

o
n

e]
 

Vehicle F Vehicle G

Vehicle H Vehicle I

Vehicle J Vehicle K

Vehicle D Vehicle E

5th gear 

4th gear 

(TC 3) 

2nd gear 

5th gear 

4th gear 

WOT 

1st gear 

(TC 6 and 7) 



 63 

Zwicker loudness (N) increases more or less linearly with vehicle speed for all test conditions, 

see figure 17 to 20 as well as under Appendix D.1.1. This result was expected and is confirmed 

in article [7]. Another observation from these figures is that the loudness lines stay more or less 

parallel to one another for these test conditions. However, this is not the case for the downhill 

tests, as can be seen under Appendix D.1.1. Overall, the gradient for loudness to vehicle speed 

was found to be +2.5 sone / 10 km/h, starting from the 60 km/h test. 
 

The average loudness for vehicles travelling on the rough roads is on average 25.6% higher than 

for those driving on the smooth test-road, see figure 20 for a comparison. This indicates the 

strong influence road surface has on the interior sound quality of vehicles, also discussed in [7]. 

This result can be explained by noting that the road/tyre interaction is more forceful on these 

rough roads, as the road texture is very uneven, and therefore produces a louder sound.  
 

 
 Figure 20: Average objective loudness comparison between rough and smooth road 

 

Generally, LCVs produce interior sounds with higher loudness values than hatch-back vehicles, 

figures 17 and 18. Vehicle E and F are observed to produce extreme values for all conditions in 

terms of N, but for very different reasons. Vehicle E, a more expensive hatch-back, consistently 

performs best, see figures 17 to 19, as it falls in a different category than where the normal LCV 

can actually compete in. Vehicle F, an older LCV (60 000 km), on the other hand is by far the 

worst performer in terms of loudness in this comparison, see figures 17 to 19. This is as it is the 

only older vehicle which means that some squeaks and rattles (S&R) are already present in the 

vehicle interior, as door seals and other sound insulators may already been worn out. It was only 

included in the study as it forms the base-line model for these tests. 
 

Aure sharpness was found to be strongly dependent on speed and road surface as well. In 

figures 21 and 22 the direct proportional relationship between Sh and vehicle speed can be 

observed. Figure 23 displays the effect of different road surfaces on the Sh of interior sounds. 
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On average, sharpness was found to be 5.6% lower for vehicles travelling on the rough roads 

compared to a smooth road surface. Figures for the other test conditions, shown in Appendix 

D.1.1, indicate this trend even stronger than figure 23. This result was expected, as the rough 

road has a less frequent interaction with the test-vehicle’s tyres, resulting in a lower frequency 

noise, which produces lower sharpness as discussed in 2.1.2.2. 

 

Sharpness for rough road uphill in gear

1.00

1.10

1.20

1.30

1.40

1.50

1.60

1.70

1.80

1.90

2.00

2.10

2.20

2.30

50 60 70 80 90 100 110 120 130

speed [km/h]

S
h

ar
p

n
es

s 
[a

cu
m

]

Vehicle F Vehicle G

Vehicle H Vehicle I

Vehicle J Vehicle K

Vehicle D Vehicle E

 
 Figure 21: Objective sharpness for test condition TC3 

 

Squeaks and rattles (S&R) were found to strongly increase the sharpness value in a sound 

recording. Therefore, extreme care was taken in eliminating any S&R during sound recordings 

for SQ purposes. This strong dependence of Sh on S&R offers a possibility for vehicle 

manufacturers to check for S&R with the help of monitoring sharpness in their prototype 

vehicles. Reducing S&R will improve the overall quality impression of any vehicle on a 

potential customer.  
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Figure 22: Objective sharpness for test conditions TC6 and TC7  
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However, the rather high Sh observed for vehicle H during most tests (figures 21, 22 and 

Appendix D.1.1), was not due to the presence of S&R, but rather due to its high pitched, sharp 

engine noise.  

 

Again, care should be taken when comparing the Sh values of vehicles D and E with the 

vehicles tested in Pretoria, as these values had to be adjusted. These two vehicles were tested on 

roads in Stellenbosch, as previously mentioned.  

 

A remarkable observation from figures 22 and 23 is the fact that the sharpness for the 30 km/h 

test is actually higher than that of the 50 km/h test. This may be explained as the engine is 

running at higher revolutions in 1st gear at 30 km/h (±4000 rpm) than in 2nd at 50 km/h             

(±3500 rpm). This suggests that Sh is actually stronger dependent on engine speed than on 

vehicle speed, at least for such low vehicle speeds. At higher speeds, >80 km/h, Sh was found to 

mainly be influenced by aerodynamic and road noises, see Appendix D.1.1. 

 

 

 Figure 23: Average objective sharpness comparison between rough and smooth road 
 

 

Throughout the test conditions, it was observed that all vehicles produced close to the same sort 

of Sh results. There does not seem to be a vehicle that continuously performs strongly for this 

metric. This indicates that it is much tougher to benchmark for sharpness than loudness, as not 

even the hatch-back vehicles are capable of producing superior results for this metric. 
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 Figure 24: Result figure (N and FS) produced by SSQTOOL 
 

As was expected, fluctuation strength (FS) proved to be inconsistent throughout the tests 

conducted. It was found to vary strongly between tests and even within the few seconds of 

testing time, see figure 24. Generally, it can be concluded that FS is lower for smooth roads and 

lower vehicle speeds, see figure 25 and Table D.2 in Appendix D.1.1. Overall, hatch-back 

vehicles were found to produce interior sounds with lower FS, indicating a superior interior 

sound quality. 
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 Figure 25: Fluctuation strength for TC6 and TC7 
 

Vehicle E performed very strong, in terms of interior SQ, throughout these tests and could be 

used to provide benchmark directions for future LCVs, especially in terms of Zwicker loudness. 

Vehicle D, a more sporty hatch-back could be used as a sharpness benchmark for future LCVs. 

Additional results of importance on the objective analysis are attached under Appendix D.1.1. 
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4.2. Subjective evaluation 

 
The subjective evaluation section displays some of the results from the two subjective tests 

conducted. These were the forced choice paired comparison and semantic differential 

evaluation methods. A few, representative, result figures are displayed here, other important 

figures and tables regarding this section are attached as Appendix D.1.2. The remaining results 

of the subjective evaluation are filed in the accompanying file. 
 

As stated before, it would be quite impossible to conduct subjective evaluations of all the sound 

samples which were recorded and objectively analysed during this study. Therefore, a few 

representative test conditions were chosen to be analysed subjectively. The results of these tests 

were then hoped, within fair accuracy, to be conclusive for the entire range of objectively 

evaluated interior sounds. The test conditions investigated during the subjective evaluation 

methods are displayed in table 8 and 9, for the paired comparison and semantic differential 

method respectively once more. 
 

Table 8: Paired comparison test conditions 
Subjective test ID Objective test ID Test condition 

PCT1 Specific case of TC2 100 km/h downhill on a rough tar road in Neutral 
 

PCT2 Specific case of TC7 50 km/h on a level and smooth tar road in 2nd gear 
 

PCT3 Specific case of TC6 120 km/h uphill on a smooth tar road in 5th gear 
 

PCT4 Specific case of TC4 100 km/h downhill on a smooth tar road in 5th gear 
 

PCT5 Specific case of TC3 80 km/h uphill on a rough tar road in 4th gear 
 

 
 

The paired comparison test (PCT1 to PCT5) results were evaluated by determining the 

percentage of times a certain sound was preferred over others. Only sound samples from the 

same test condition were compared. Figure 26 indicates a general observation, that some sounds 

were always preferred, for example the sound of vehicle 5, while others were not favoured once, 

for example the sound of vehicle 1 in PCT3.  
 
 

Table 9: Semantic differential test conditions 
Subjective test ID Objective test ID Test condition 

SDT1 Specific case of TC2 
 

Testing subjective annoyance: 
120 km/h downhill on a rough tar road in Neutral 
 

SDT2 Specific case of TC6 Testing the luxury feel of a sound: 
120 km/h uphill on a smooth tar road in 5th gear 

SDT3 Specific case of TC2 Testing subjective loudness: 
100 km/h downhill on a rough tar road in Neutral 
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Preferred vehicle sounds (out of times tested) for PCT 3
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Figure 26: Subjective results for PCT3 

The paired comparison test provided a perfect opportunity to investigate repeatability and 

consistency of individual jurors. Overall, very good and consistent results were obtained during 

this study. Actually higher than expected, as the subjects only had a short training session. No 

subjects had to be eliminated due to a hearing disorder or a below-average hearing ability. 

However, two subjects (Sub 2 and Sub 12), had to be eliminated due to a repeatability of below 

70%, their results were not used for any further correlations. The remaining group averaged a 

very acceptable 84% repeatability. Furthermore, no additional subjects had to be eliminated due 

to bad consistency, the group had an average consistency of 96%.  
 

 

Figure 27: Subjective ratings against loudness for SDT1 

 

The semantic differential test (SDT1 to SDT3) results were evaluated by assigning a relative 

value to where on the evaluation line the specific sound was rated, see figure 15. Subjects 
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physically rated and compared different sound samples on a line, therefore these evaluations 

could be directly correlated to objective metrics, as seen in figures 27 and 28. During the 

semantic differential evaluation, subjects had to rate different sound samples with respect to 

three attributes, see table 9. The results obtained for the individual test conditions, SDT1 to 

SDT3, could therefore not be combined into one conclusive figure but had to be evaluated 

individually.  
 

The subjective rating on all figures in this section, figures 27 to 35, and in Appendix D.1.2 

should be seen as a zero (0) for annoyance for instance, indicating that this sound was the most 

preferred sound in this particular category. On the other hand, a sound rated a one (1) in this 

section is a very irritating, disturbingly loud or unpleasant sound and was rated poorly by 

the jury.  
 

It can clearly be observed from figures 27 and 28 that the correlation between subjective 

evaluations and objective metrics improved if only one type of vehicle was compared. R2
all 

refers to the correlation found if all seven test-vehicles were included. Whereas, R2
LCV indicates 

the correlation achieved with only comparing the five LCVs. 
 

 

 

Figure 28: Subjective ratings against sharpness for SDT1 

 

Some differences between male and female jurors were observed, particularly during engine 

noises evaluations. Men generally preferred the low frequency grumbling engine sounds, while 

women generally went for the very quiet engines, or the higher pitched less audible engine 

sounds.      
 

Refer to result tables and figures in Appendix D.1.2 for more detail on subjective evaluation 

results. 
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4.3. Objective / Subjective correlation 
 

The finale step in the sound quality analysing process is the correlation between the subjective 

evaluations and the objective metrics. In this study, the two subjective evaluation methods 

chosen were the forced choice paired comparison method and semantic differential evaluation. 

The correlation made with the evaluations of these methods will be discussed under the 

headings of these methods, in the next paragraphs. 
 

Firstly, the more straightforward paired comparison test results are discussed. Followed by the 

correlation results of the semantic differential evaluation procedure. Then an equation 

combining loudness (N) and sharpness (Sh) is correlated with the semantic differential ratings. 

Only the semantic differential test results were correlated to this new equation. This is as this 

method was found to produce very similar results to the paired comparison evaluation, but with 

higher correlation. Concluding the chapter, an equation to predict the subjective pleasantness of 

an interior sound of an LCV, is developed. This equation is based on correlations of test 

conditions that were mainly influenced by road noise during steady-state conditions, as this 

forms the focus of this study.    

 

Paired comparison correlation 

A strong correlation between Zwicker loudness (N) and subjective ratings for all test conditions 

(PCT1 – PCT5) was found (R2 of 0.70 and higher), see figure 29 and Appendix D.1.3. This 

finding corresponds with other literature findings [13, 15 and 60], that Zwicker loudness (N) is 

the single most influential objective metric in SQ engineering today. 
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Figure 29: Correlation for loudness for PCT3  
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A fair correlation between Aure sharpness (Sh) and subjective ratings was observed (R2 ≈ 0.55), 

see figure 30 and Appendix D.1.3. This is not quite as strong as for N, which again is confirmed 

by literature [15, 41, 62], that sharpness is found to be the second strongest influence on 

subjective impressions of a sound.  
 

For both objective metrics and for all test conditions an even higher correlation was obtained 

when only the light commercial vehicles (LCVs) were compared. Loudness correlation was 

improved to R2N ≈ 0.80 and an even larger improvement for sharpness was observed, when 

correlation improved to R2Sh ≈ 0.75. These findings were expected, as one type of vehicle will 

have a certain range in which objective metrics will lie and will produce a typical type of sound. 
 

From the preceding explanation, it is apparent that the two types of vehicles investigated here 

could be distinguished by looking at the correlation. This is as the hatch-back vehicles, vehicles 

6 and 7, were rated better by subjects, than their objective metrics would place them, see figures 

29 to 31. This finding is true for both types of subjective evaluations, but is even more apparent 

for the semantic differential evaluation.  
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Figure 30: Correlation for sharpness for PCT3  

 

Correlation of N and Sh to subjective ratings was observed to be higher if sounds which were 

dominated by road or aerodynamic noises were investigated (R2
N ≈ 0.77 and R2Sh ≈ 0.7), see 

figures 29 and 30. However, as soon as engine noise came into play, subject’s results tended to 

deviate and correlations deteriorate (R2
N ≈ 0.6 and R2Sh ≈ 0.5), see figure 31 and App. D.1.3. 

 

Higher pitched engine noise is generally not favoured. Most jurors preferred sounds with engine 

noise above sounds dominated by aerodynamic noise, see result table in Appendix D.1.3. 

Furthermore, low intensity road noise, resulting in lower N and Sh values, is preferred. 
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Therefore, thicker insulation material in wheel arches and doors and thicker carpets, reducing 

high frequency noises, will generally improve interior SQ perception. 

Correlation with Loudness for PCT 2

Vehicle 2

Vehicle 3

Vehicle 4

Vehicle 5

Vehicle 6

Vehicle 7

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

20.00 22.50 25.00 27.50 30.00

Objective: Zwicker Loudness [sone]

S
u
b
je

ct
iv

e 
A

n
n
o
ya

n
ce

 

Figure 31: Correlation for loudness for PCT2  

 

Semantic differential correlation 

Most findings for the paired comparison test are also valid for this evaluation method. More 

over, the correlations for the semantic differential evaluations tend to be stronger for most test 

conditions. As stated before, this is as jurors can actually rate how annoying, for example, they 

rate a certain sound, in comparison to others.   
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Figure 32: Correlation for loudness for SDT2 

 

Strong correlation between N, Sh and subjective ratings were again observed. This is especially 

true for the tests of subjective annoyance (SDT1) and loudness (SDT3). The correlations for 

these were found to be: R2
combined ≈ 0.79, R2

N ≈ 0.88, R2
Sh ≈ 0.6. Even stronger correlations were 

observed when only the LCVs were considered (R2
combined ≈ 0.94, R2

N ≈ 0.88, R2
Sh ≈ 0.98), see 

figures 33, 35, 36 and 37. 
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Figure 33: Correlation for loudness for SDT3 

The test for luxury sound, figures 32 and 34, revealed a different story. Subjects had different 

opinions of which sounds sounded luxurious and subsequently correlation dropped (R2
com≈ 0.55,       

R2
N ≈ 0.56, R2

Sh ≈ 0.4). However, correlation improved again considerably when only the LCVs 

were compared (R2com ≈ 0.8, R2
N ≈ 0.8, R2

Sh ≈ 0.84), see also Appendix D.1.3. In almost all 

cases, the highest correlation was reached when only the loudness of the LCVs was compared. 
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Figure 34: Correlation for sharpness for SDT2 

 

Fluctuation strength (FS) was, at best, found to be a guideline. FS tends to be lower for lower 

vehicle speeds and also for higher quality interior sounds. Rough roads and aerodynamic noises 

tend to increase FS and jeopardise the sound quality of the vehicles’ interiors. Correlation 

between FS and subjective ratings is weak (R2
FS < 0.4), therefore at best gives a tendency, see 

figure 24 and Appendix D.1.3 for more substantiation. 
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Correlation with Sharpness for SDT 3 (Loudness)
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Figure 35: Correlation for sharpness for SDT3 

 

It was decided, as previously mentioned, that only the results from the semantic differential 

evaluation procedure should be used for developing an equation to predict future subjective 

response to a given interior sound. This is because the two methods provide similar results, but 

the semantic differential test, as expected, provides better correlation between the subjective 

evaluations and the objective metrics.  
 

The most important objective of this study was to develop equations to objectively 

quantify interior sound quality influenced by road noise during steady-state conditions. 

The linear regression method was utilised to develop an equation to predict the response that an 

average LCV customer will have to a given interior sound. It was decided to rather develop an 

equation that predicts what sort of interior sounds are preferred by customers, not which are 

found to be irritating . The subjective pleasantness factor (SPF) was the name given to this 

newly developed metric. At first, an equation combining the effect of loudness and sharpness on 

the interior sound quality was developed for each attribute tested in the semantic differential 

evaluation method. Thereafter, these equations were combined to obtain one representative 

equation, predicting the response of an interior SQ influenced by road noise on a vehicle driver. 

The results and procedure utilised in developing this new objective metric is given in Appendix 

D.1.3. The correlations found for the three attributes investigated in this study are listed here: 
 

For Annoyance: SPF_Aall  = ShN −− 035.025.4   (all test-vehicles) 

   SPF_ALCV   = ShN −− 043.05.4   (only for LCVs)  ..…(12) 
 

For Luxury: SPF_Lall  = ShN −− 032.091.3   (all test-vehicles) 

   SPF_LLCV   = ShN −− 053.06.4   (only for LCVs)  ..…(13) 
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All LCV 
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For Loudness: SPF_Nall  = ShN −− 05.06.4   (all test-vehicles) 

   SPF_NLCV   = ShN −− 057.08.4   (only for LCVs)  ..…(14) 
 

Where: =N  Zwicker loudness [sone]  =Sh  Aure sharpness [acum] 
 

The evaluation for annoyance resembles interior sounds strongly influenced by road noise. The 

SPF equation correlation against subjective ratings for this test condition is displayed in figures 

36 and 37.  Whereas, the evaluation for luxury sounds resembles interior sounds influenced by 

road and aerodynamic noises. This correlation is shown in Appendix D.1.3. The evaluation for 

subjective loudness resembles interior sounds strongly influenced by road and engine noise. The 

correlation figures for this case can also be seen in Appendix D.1.3. 
 
 

 

Figure 36: Correlation for new equation for SDT1 (all vehicles) 

 

 

Overall, for most test conditions, the highest correlation is reached when only loudness (N) is 

considered. However, it is recommended to use the SPF equation developed in this study when 

determining which interior sounds would be rated as pleasing. This is as the effect of Sh should 

not be disregarded, and mostly a relatively small sacrifice in correlation accuracy is made 

(R2
combined ≈ 0.79, R2

N ≈ 0.88, R2
Sh ≈ 0.55), see figure 36. An even stronger correlation was 

obtained when only the LCVs were considered (R2
combined ≈ 0.94, R2

N ≈ 0.88, R2
Sh ≈ 0.97), see 

figure 37. For the remaining test conditions, refer to the result figures in Appendix D.1.3. 
 

Generally, the lower the specific Zwicker loudness (N) and Aure sharpness (Sh) the higher the 

sound quality of the vehicle is rated. However, there is believed to exist a minimum to which 

these metrics may be decreased, which was not reached in this study. It is believed that further 

decreasing these two objective metrics in an interior sound will actually be rated negatively, this 
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is also supported by [16]. This phenomenon is due to the fact that people want their vehicles’ 

interior sound to say something about the car. A perfectly silent vehicle was proven to be only 

rated as boring [16]. More detail on this topic is given in chapter 5 of this thesis. 
 

 

Figure 37: Correlation for new equation for SDT1 (only LCVs) 

 

As equations (12) and (14) resemble the impression of road noise in the interior of an LCV, a 

combined equation was constructed from these two equations, to provide a good correlation for 

all sorts of road noise effected interior sound quality. Equation (15) is believed to be 

representative for any road noise effected interior SQ during steady-state conditions, regardless 

if tested by the paired comparison or semantic differential test method. As this study focuses on 

LCVs interior SQ influenced by road noise, the combined equation ignores equation 13 and the 

effect of the hatch-back vehicles tested during this study. The overall equation to best 

describe interior SQ in ½ ton LCVs influenced by road noise is then found to be: 
 

�    SPFroad noise = ShN −− 048.065.4   (only for LCVs)  ..…(15) 
 

Note:  The highest practically achievable value for this SPF is around 2.7, for test conditions 

where the engine is working and does not only idle. This SPF values will be very hard to obtain 

in a ½ ton LCV on the South African market, as it forces the loudness and sharpness values in 

the interior sounds to N = 15 and Sh = 1.25, respectively. Furthermore, any further reduction in 

N and Sh will tend to actually be rated negatively, saying these values should also be the lowest 

values for N and Sh to be set as targets. These values were obtained by considering the 

objectively lowest and subjectively best-rated values obtained in this study, (figures 19 and 22). 

The SPF, equation (15), is utilised to benchmark and set targets for objective metrics for the 

interior SQ of future LCVs for the South African market, see chapter 5. 
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5. Benchmarking and target-setting using SQ metrics 
 
 

The paired comparison and semantic differential subjective test methods were found to provide 

reliable results and good correlations with objective metrics. Therefore, the results and findings 

of this project are expected to be representative of the sound quality (SQ) tendencies in LCVs 

and can indeed be utilised to predict the subjective response to a given sound stimuli.  
 

A strong correlation between subjective ratings and an equation in Zwicker loudness (N) and 

Aure sharpness (Sh) was obtained in the experimental section of this study, see section 4.3. The 

equation representing this correlation, termed the SPF, can now be utilised for benchmarking 

the interior sound quality of LCVs in terms of road noise. The equation overall predicting the 

best response to road noise influenced interior SQ in LCVs is provided by equation (15).  
 

The benchmark procedure employs this equation to obtain suitable target values for the interior 

sound quality of LCVs. These target values must be realistic for the LCV market, as these 

vehicles have to compete in a competitive, low budget market. As the LCV market is price-

sensitive, development costs must be considered carefully and NVH improvements are normally 

quite costly. 
 

Target values for the two important objective metrics, N and Sh (figures 38 to 43), as well as for 

the newly developed SPF (figures 44 to 47), are developed in this section. These targets were set 

based on jury evaluation of vehicle sounds that were preferred. The targets were set on the two 

favoured LCVs, vehicle 4 and 5. This was chosen, as this study strives to obtain target values 

for LCVs, while setting these targets on the results of hatch-back vehicles, vehicle 6 and 7, 

would not be representative. The loudness target was chosen to better the best performing 

LCVs’, vehicle 4 and 5, loudness value by 5%. It was decided on such a rather marginal 

improvement, as vehicle 5 is already a more expensive LCV, which provides satisfactory 

interior SQ as it is. Furthermore, the targets must be in a region to be reached by all LCVs, at 

least for the luxury models and should therefore not be set to strict.  
 

Whereas, the sharpness targets were set to match the most favoured vehicle interior sound in 

terms of sharpness, vehicle 4. However, as it was observed that the sharpness values escalate for 

interior sounds if the vehicle speed increases above 100 km/h, sharpness targets for the higher 

speeds have been set to better the results found in vehicle 4. Since the sharpness at such high 

speeds is predominantly influenced by road and aerodynamic noises, design engineers should 

focus on ways to reduce these noises from entering the cabin. For the aerodynamic noises, this 

could be achieved by introducing better window and door seals, or by re-designing the vehicle 
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to be more aerodynamic, with smoother and flatter surfaces to prevent flow separation. In order 

to reduce effects of road noise on the interior SQ of LCVs, thicker carpets and isolation material 

on the wheel arches could be introduced.    
 

All target values should be seen as lower limits for the objective metrics. With other words, 

vehicles will tend to produce higher metrics than the targets set and the closer the recorded 

metrics get to the target line, the better. In close to all cases the interior SQ would be superior if 

objective metrics were achieved which lie below the target line, but as stated before there does 

exists a minimum which should not be passed by metrics. This is especially true for sharpness, 

as people tend to favour interior sounds which have a bit of sharpness. The minimum sharpness 

that customers would still appreciate in their LCV is believed to be around 1.25, for scenarios 

where the engine is working.   
 

It should be noted that loudness and fluctuation strength should be reduced as far as possible, 

especially for the high speed test conditions. However, sharpness is more a case of tuning the 

interior sound in a specific way to obtain the specific sharpness set as targets. Obtaining a 

sharpness of 10% more or less than the target value will be rated equally good, but generally the 

sharpness values should be on or below the set target value.  
 

Targets were set for all test conditions, which are mainly influenced by road noise. All these 

target values are displayed on figures in the next paragraphs and should all be tested under the 

conditions specified for the specific test condition. A specific case is illustrated here. The test 

condition for which the following target values are applicable is SDT3. This test condition is 

defined for an LCV travelling at 100 km/h downhill on a slightly declining (5o – 10o) rough tar 

road in Neutral (with engine idling), then the following targets should be met: 
 

Zwicker loudness (average over 5 sec)   = 42  sone (N10  < 45   sone)  

Aure sharpness (average over 5 sec)  = 1.55  acum (Sh10 < 1.6  acum) 

Zwicker fluctuation strength (avg. over 5sec) = 0.35  vacil (FS10 < 0.4  vacil) 
 

All the tests for the mentioned targets should be conducted on an even tar road, without any 

potholes, and while no other vehicles are driving in the vicinity of the test vehicle. Other 

constrains are that the vehicle must remain at the specified test speed without applying the 

brakes. Furthermore, all windows must be fully shut, with air conditioning, ventilation and radio 

turned off. 
 

Four test conditions, for which road noise is the dominant noise source, were investigated in 

detail, TC2, TC5, TC6 and TC7, and targets were set for these conditions. The loudness target 
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values set for each condition were chosen to give the quietest LCV interior in the industry. This 

was done, as subjects preferred the silent interior sounds. The loudness targets are displayed in 

figures 38, 40 and 42. However, the sharpness targets were not selected to be the lowest in the 

industry. This is, as subjects did not choose the sound with the lowest sharpness as the most 

preferred SQ. A bit of sharpness in the LCVs sound was appreciated by jurors. Target values are 

shown in figures 38, 40 and 42.  
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Figure 38: Target values for loudness for TC2 

 

The study does not involve itself any deeper in the target setting for fluctuation strength, as this 

metric was found to be inconsistent. Overall, a lower FS in a sound was found to produce a 

superior sound quality perception.     
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Figure 39: Target values for sharpness for TC2 
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A selection of three vehicles was chosen to be displayed alongside the target values. This was 

done to visualise where, in comparison, the targets are set and how difficult these will be to 

reach for the standard LCV on the South African market. Vehicle 5, a more expensive LCV, 

was included, as the loudness targets were set on this and vehicle 4’s loudness results. Vehicle 4 

was not included on the graphs, since vehicle 5 produced interior sounds that were preferred 

most often. Whereas, vehicle 2 was included as it represents the average LCV on the South 

African market well, but is seen to produce much higher loudness values than the target. For 

these kind of LCVs it will be a hard challenge to meet the set targets for the next model. 
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Figure 40: Target values for loudness for TC5 

 

Vehicle 7, a more expensive hatch-back, was included on these figures to indicate where, in 

relation, the future LCV interior SQ will rank. As expected, the loudness for this vehicle is 

lower than the LCV targets by quite a margin, see figures 38 and 40. 
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Figure 41: Target values for sharpness for TC5 



 81 

Target values for loudness on smooth road uphill in gear (TC 6 and TC 7)
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Figure 42: Target values for loudness for TC6 and TC7 

 

 

These targets can be used as industry benchmark for future LCV models. However, the targets 

were chosen lenient, so that they are indeed achievable for most LCVs in the next model. 

 

The targets set for the SPF are all based on equation (15) and therefore have a maximum of 4.6. 

However, as mentioned before, the practical maximum for SPF for LCVs will be around 2.7, for 

all speeds investigated. This is as practically obtaining loudness and sharpness values lower than 

this is very hard for ½ ton LCVs and these should in fact not be lower than this [16]. 
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Figure 43: Target values for sharpness for TC6 and TC7 

 

 

The three comparison vehicles are again being displayed on the same graphs as these SPF target 

values, to visualise where, in relation, the targets stand. Again, vehicle 5 follows the target lines 
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the closest, vehicle 2 is much lower and vehicle 7 beats the target line most of the time, see 

figures 44 to 47.  
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Figure 44: Target values for the SPF for TC2 

 
 

It should be observed that since subjective pleasantness for an interior sound is compared in 

these figures, normal LCVs would tend to produce SPF values lower than the target line. This is 

indicated by where, in comparison, vehicle 2, a standard LCV, is positioned on these figures - 

far below the target line. The objective for SQ engineers should be to design a LCV that comes 

as close as possible to these set SPF target lines. Whereby, it must be noted that obtaining a 

slightly higher SPF value than the target for a given test condition, would be rated as an superior 

SQ. These targets are set relatively lenient to accommodate the standard LCVs and the fact that 

NVH is not rated as a very important attribute for LCVs on the South African market. 
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Figure 45: Target values for the SPF for TC3 
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The first step in benchmarking for SQ should be to design for the objective metric targets right 

from the start. In order to set realistic targets for the interior sound quality, competitors and 

previous models provide a useful base for target setting. Areas of concern in the preceding 

vehicles should be addressed in the design of the new vehicle. Computer simulation of vehicle 

interior sound quality and squeaks and rattles before actually building a prototype, can be very 

effective [36].  
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Figure 46: Target values for the SPF for TC5 

 
 

Target values for SPF for TC 6 and TC 7
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Figure 47: Target values for the SPF for TC6 and TC7 

 
After the targets have been set and the prototype vehicle has been built, interior sound quality 

has to be physically tested. This is normally done with the aid of a binaural head and torso 

simulator (HATS), to accurately determine objective metrics in the vehicle interior sound. This 

testing is very important, as it has to be monitored if the set targets are indeed met by the 
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production vehicle. For the best results, the same engineer that tested the SQ of the previous 

models should also perform the testing of this vehicle’s interior SQ. This eliminates the human 

factor, as different engineers may act differently in the test vehicle, which may influence results. 

 

If the target values were met or exceeded in the production vehicle, the target values could be 

tightened, especially for a “face-lift” model. Nevertheless, from the SQ design engineer’s 

viewpoint, this vehicle could go into production. Care should be taken to not overemphasise a 

particular aspect of the vehicle, such as its interior SQ, as the vehicle might become too 

expensive for the market segment it is competing in.  

 

Furthermore, an enduring quality test should be performed on the prototype vehicle, in order to 

investigate if any squeaks and rattles occur in the vehicle as a result of harsh driving. This is 

important to be performed prior to the production of the final vehicle, as design changes are still 

possible at this stage. Furthermore, customer’s impression of the overall vehicle quality is 

strongly compromised by the presence of squeaks and rattles (S&R) in their vehicles, so these 

should be eradicated and prevented by all means [20, 26 and 34].  

 

If on the other hand the target values set for a new vehicle are not met, the vehicle needs to be 

re-designed, or some NVH improving components have to be added. A number of hardware 

modifications that would have a positive effect on the interior sound quality of vehicles are 

listed in section 2.4. However, if the targets seem to be unreachable for this particular model, 

the design team could re-adjust the targets. This however should be the last option, as this would 

jeopardise the competitiveness of this model in terms of its interior SQ. 

 

A graphical display of this target setting procedure is shown in figure 48.   
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Figure 48: Recommended target-setting procedure  
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6. Conclusion and Recommendations 
 

The project gave the student a good insight in the sound quality (SQ) method and analysing 

procedures for interior vehicle sounds. The student furthermore got an in-depth understanding 

of the process of target setting and benchmarking used in the vehicle industry. 
 

A lot of work has been done in the field of vehicle SQ lately, making this is a relevant study. 

This study should contribute to the improvement of interior SQ in light commercial vehicles 

(LCVs) on the South African market. 
 

A comprehensive literature survey is included in this report. This survey seeks to combine the 

methods and findings of interior SQ from a vast number of articles and studies into one 

document. The study also includes a list of possible hardware modifications that would yield 

improvements in terms of interior sound quality. The list is divided into sections focusing on 

interior sounds being influenced by three different noise sources, namely engine/exhaust noise, 

aerodynamic noise and road/tyre noise. This study seeks to provide a method that will remove 

the need for subjective evaluations in SQ engineering. Some commercial software, for example 

AVL-comfort [36] and MTS [24], claim to already effectively reduce the subjective bias in SQ 

engineering. Furthermore, they claim to be effective in supporting vehicle-manufacturers in 

decreasing the number of complaints received about the presents of squeaks & rattles (S&R), if 

SQ is used as a sort of end-of-the-line quality check. These checks can be automated and would 

have positive effects on the quality perception of the assessed vehicle [36]. However, no system 

has so far been designed to optimise vehicle interior SQ without the use of a jury panel. This 

still remains a challenge for future NVH engineers, as this would strongly decrease the total 

time used for vehicle SQ assessment [6]. 
 

A strong correlation between vehicle speed and the investigated objective metrics, loudness (N) 

and sharpness (Sh), was observed in this study. Fluctuation strength (FS) was the third objective 

metric to be investigated, however only a weak correlation between vehicle speed and this 

metric could be found. These findings are concurrent with literature, see [6, 7, 62].  
 

A strong influence of road surface roughness on the interior sound quality of a vehicle was also 

found in this study. The different effects of smooth and rough tar roads on the interior SQ of the 

test vehicles have been investigated. The rough road surface was found to produce interior 

sounds with around 25% higher loudness and 5.6% lower sharpness values than the sounds 

found if driving on a smooth road, see figures 20 and 23 respectively. This tendency is also 

supported by literature [7]. 
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The most important objective of this study was to develop equations to objectively 

quantify interior sound quality influenced by road noise during steady-state conditions. 

The linear regression method was utilised to develop an equation to predict the response that an 

average LCV customer will have to a given interior sound. It was decided to rather develop an 

equation that predicts what sort of interior sounds are preferred by customers, not which are 

found to be irritating. The subjective pleasantness factor (SPF) was the name given to this 

newly developed metric. The correlations found for the three attributes investigated in the 

semantic differential evaluation method of this study are listed here: 

 

For Annoyance: SPF_Aall  = ShN −− 035.025.4   (all test-vehicles) 

   SPF_ALCV   = ShN −− 043.05.4   (only for LCVs)  ..…(12) 
 

For Luxury: SPF_Lall  = ShN −− 032.091.3   (all test-vehicles) 

   SPF_LLCV   = ShN −− 053.06.4   (only for LCVs)  ..…(13) 
 

For Loudness: SPF_Nall  = ShN −− 05.06.4   (all test-vehicles) 

   SPF_NLCV   = ShN −− 057.08.4   (only for LCVs)  ..…(14) 
 

Where: =N  Zwicker loudness [sone] 

  =Sh  Aure sharpness [acum] 

 

A very good correlation between these newly developed metrics, SPFs, and subjective ratings 

was found (R2 ≈ 0.75). This correlation could further be improved by comparing only the 

interior sound recordings of the LCVs investigated (R2 ≈ 0.85). These correlations were the 

highest found for test conditions strongly influenced by road noise (equation (12) and (14)).  

 

The SPF equations (12) and (14) resemble the impression of road noise on the interior SQ of a 

vehicle. These equations were combined to obtain one equation to predict the influence of road 

noise on interior SQ. This equation is assumed to give a good correlation with all sorts of road 

noise effected interior SQ. As this study focuses on the interior SQ of LCVs, this combined 

equation left out the effect of the hatch-back vehicles tested during this study. The overall 

equation to directly optimise interior SQ influenced by road noise in LCVs is then: 

 
�  SPFroad noise = ShN −− 048.065.4   (only for LCVs)           ..…(15) 

 

Note:  The optimum and highest practical value for this SPF is 2.7, for test conditions where the 

engine has to work and is not only idling.  
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As stated in chapter (4), obtaining an SPF value of close to 2.7 will be very hard for ½ ton 

LCVs on the South African market, as it forces the loudness and sharpness values in the interior 

sound to be N = 15 and Sh = 1.25, respectively. These limits were found during the 

experimental work of this study, see figures 19 and 22. Furthermore, any further reduction in 

loudness and sharpness will tend to actually be rated negatively, saying these should also be the 

lowest values for N and Sh to be set as targets.  
 

Target values for the two most important objective metrics in terms of interior sound quality, 

loudness (N) and sharpness (Sh), as well as for the newly developed SPF were obtained. Most 

test condition’s target values were set with the focus on the influence of road/tyre noise on the 

interior SQ. However, the defined targets are believed to be appropriate for all sorts of noise 

intrusions into the vehicle cabin, as road noise was observed to be the dominant noise source in 

the interior of LCVs for steady-state conditions. Target values for the three objective metrics, N, 

Sh, SPF, were developed for a number of test conditions, providing the design engineer with 

specific targets for a large number of conditions. 
 

Certain competitive sound characteristics are likely to be trade-offs, as suggested in [4]. This 

results in different sounds forming a hyperbola on a sound target figure, as these are all rated 

equally important by customers. However, the results found in this study support the idea [10] 

that the sound quality tested in two-dimensional space follows a linear trend. This suggests that 

the interior sound quality influenced by road, engine and aerodynamic noise can be improved by 

working towards targets set on these linear correlations. It is believed that the interior sound 

quality of LCVs can be improved by utilising equation (16) to set targets for the objective 

metrics, in order to obtain a pleasant interior vehicle sound. 
 

Some additional overall findings regarding preferred interior sounds were made during this 

study. A low frequency, grumbling, sporty, engine sound was rated more favourable than other 

engine sounds, for these test vehicles. Interior sounds dominated by engine sound, if the engine 

is not whining, were preferred over interior sounds where road and aerodynamic noises were the 

most audible noise sources. This suggests that more resources should be spend on reducing 

these more irritating noise sources. The effect of road noise on the interior sound quality can be 

improved by reworking the suspension system, adding carpets to the cabin interior, placing 

isolation material in the wheel-arches and enlarging the cabin. Although, making the cabin 

bigger will be very effective in reducing the disturbing booming noise in the cabin [65], as it 

reduces the booming noise frequency of acoustic modes, this is a design step which will have a 

strong impact on other vehicle constraints. Whereas, the effects of aerodynamic noises on the 
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interior SQ can be improved by fitting better window and door seals and ensuring that the side-

mirrors and entire vehicle shape is more streamlined.  

 

The results from this study are compared to other studies in figure 49. However, the correlation 

between these three studies should not be considered to be binding, as the tests conducted in 

each respective study were quite different. Article [21] compared influences of mainly engine 

and exhaust noises on the interior SQ of diesel cars. Article [58] investigates the influence of 

engine noise on the interior SQ of diesel panel-vans at WOT. Nevertheless, the trends of the 

studies coincide, as all provide the same trend between an equation in loudness (N) and 

sharpness (Sh) and the subjective evaluations.  
 

 
Figure 49: Comparing correlations 

 

The x-axis of this graph shows subjective ratings made on a number of vehicles interior sounds. 

A zero for this subjective evaluation indicates that this interior sound is most favoured, but is 

hardly possible, for previous mentioned reasons. On the other hand, the higher the value of the 

respective subjective rating, the more irritating a sound is judged. The y-axis is a particular 

equation in Zwicker loudness (N) and Aure sharpness (Sh) for each study, and is equation (15), 

the overall best fit for SPF influenced by road noise for “This study”. This comparison shows 

that there exists a similar correlation between reducing loudness and sharpness in vehicle 

interiors and subjective evaluations of these sounds for all sorts of noise types, engine, wind and 

road noise. 
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Article [9] argues that a correlation of subjective evaluations of test-sounds and objective 

metrics and even a correlation of such will not be able to accurately predict the response a 

similar interior sound will have on an average customer. The study further argues that subjects 

will always be required to perform subjective evaluations of new sound samples.  

 

However, it is believed that the correlation developed in this study, the SPF, can indeed give an 

indication of what sort of sounds are favoured by customers and that a lot less subjects will be 

necessary to perform the subjective evaluations for future interior sound analysis for ½ ton 

LCVs. This will reduce vehicle development time and can lead to a substantial improvement in 

streamlining the SQ analysis procedure.  

 

It was found that it is very hard to link certain sound quality attributes to physical vehicle 

components. Linking these aspects has been the focus of other studies, all of which found that 

linking these aspects is only feasible if one focuses on very specific vehicle hardware, such as 

the exhaust or the tyres. For these specific cases, the design engineer should be able to predict 

what effect a certain modification on this specific component will have on the vehicle’s interior 

sound quality [7, 9]. 

 

Future work in the field of interior sound quality on LCVs should focus on the effect and 

possible improvements of interior SQ influenced by aerodynamic noises. Since the ½ ton LCV 

market is a price sensitive and highly competitive market, not much emphasis has been laid on 

interior SQ of these vehicles, especially wind noise. However, as stated before, the aerodynamic 

noises is the main source of noise in the cabin of LCVs when driving at higher speeds         

(>100 km/h) and can be quite irritating. The ½ ton LCVs are becoming more popular leisure 

vehicles, the interior sound quality will therefore become a more important design aspect in 

future models of these vehicles. Improving the SQ influenced by aerodynamic noise is believed 

to be more important than focusing on improving engine noise related interior SQ, as the engine 

noises of these vehicles are already being evaluated as favourable in today’s models, especially 

for steady-state conditions, saying without engine acceleration.   
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A.2. Project flowchart and Gantt-chart 

 

 

 

 

 

Figure A-1: Project activities in block sequence 

Correlate Data: 
Correlation between jury sound tests and 

objective measurements obtained from the 
tests 

Setting targets for SQ metrics 

Testing: 
Perform SQ tests on the 

Bantam and other vehicles  

Thesis Report and 
Research Article 

Describe how to benchmark 
vehicles according to the 

targets set 

Literature Study: 
Study the field of Sound Quality  

Obtaining knowledge in the process of 
benchmarking 

Get to know the procedure of determining 
design parameters 

No 

Yes 

Define design parameters 
obtained with the help of SQ to 

improve interior noise 

Thesis Proposal 
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The time management of this thesis is displayed in the time-line in figure A-2 below: 

 

Sep Oct Nov Dec Jan Feb Mar  Apr  May Jun Jul Aug Sep Oct 
  05 05 05 05 06 06 06 06 06 06 06 06 06 06 

Project proposal                                     

Literature survey                                     

Setup + tests -(Bantam)                                   

Tests on cars (Stellenbosch)                               

Tests on cars (Pretoria)                               

Subjective / Objective evaluation                             

Correlate data and setting targets                             

Benchmarking for SQ criteria                             

Thesis report                             

Research article composition                             
 

Figure A-2: Gantt-chart  
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Appendix B 
 
 

Objective metric calculation 
 

 

B.1. Calculating Zwicker Loudness [30, 31, 33] 
 
 

ISO R 532 B (Zwicker method) 
 

The Zwicker method does not depend on third octave spectra, but on a spectrum that is 

divided into critical bands, which are defined to be 100 Hz for low frequencies (<500 Hz) 

and 20% of centre-frequency for higher frequencies. The total loudness determines the 

Bark bands. Each critical band is composed of loudness elements that can be converted 

from third octave bands to Bark octave bands, according to conversion rules defined in the 

Standard 532 B: 

 

 N = ∫ ⋅
24

0

)(' dzzN  [sone] ..…(1) 

 

  Where N’(z) is the specific loudness [sone] per Bark (z). 
 

N'(z) are the sound elements of the z band that make up the core of the sound but also the 

edge sounds. The edge sounds correspond to the influence of lower frequency bands. The 

Zwicker calculation method first determines a narrow band spectrum and transforms it into 

a critical (Bark) band spectrum: 

 
 
 Figure B.8: Zwicker loudness calculation, step 1 
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In order to take account of edge effects, corresponding areas are summed: 
 

 
 
 Figure B.9: Zwicker loudness calculation, step 2 
 
 

A rectangle is traced for each band having the same area as the grey surface above: 
 

 
 

 Figure B.10: Zwicker loudness calculation, step 3 
 

The scale on the side enables the sone levels to be read. 

 

As the ISO R 532 B method is based on graphical representation it is difficult to extract 

accurate numerical results. For this reason E Paulus developed a method based on a 

gradient system that is assumed to faithfully reproduce the results obtained from the       

ISO R 532 B graphs. This method has been adopted for use in the SSQTOOL software: 

The transformation from dB (or Pa) to sones is governed by the equation: 
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where  k = 0,25   E = total sound pressure of the core and the edge 

s = 1/4    EHS = sound pressure limited by audio perception 

N’norm = 0,064 sone / Bark 
 

The edge effects are then added using the gradient tables given by Paulus. This ensures 

adherence to the ISO R 532 B Standard. The method applies to diffuse field signals. 
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B.2. Calculating Aure Sharpness [1] 
 

Aure described four steps for calculating sharpness. First the critical-band intensity has to 

be computed. This measure represents the energy of a signal within a critical-band (equal 

to 1 Bark), which is a frequency mapping related to the human hearing-system. A 

transformation from the frequency scale to the critical-band rate scale is  
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Aure suggested an algorithm based on a 1024-point-FFT at a sample-rate of 30.72 kHz 

leading to 48 values from 0 to 24 Bark with an interval of 0.5 Bark. Taking the 

transmission factor a0 (representing the transmission between free-field and our hearing 

system) into account and considering a level-depended influence of neighboured critical-

band intensities by adding slope excitations, excitation E(z) can be calculated in a second 

step. The third step calculates the specific loudness by equation (9): 
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Where:  110)( )/005.022.0( −= − Barkzzs      (Threshold factor, representing just-noticeable 

differences)  

      E0 = excitation corresponding to the reference intensity 
2

12
0 10

m

W
I −=  

 EQT (z) = excitation at threshold in quiet (2 x 10-5 Pa)   

N’0 = reference specific loudness (calibrate the equation that a 1-kHz tone with                                      

40dB produce exactly 1sone as total loudness)  
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Aure’s modified equation for calculating sharpness is:  
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and   c = 0.08 

 

Simplifications in calculating sharpness of speech signals on computer 

Calculating sharpness on a DSP using the algorithm suggested by Aures is very inefficient. 

Therefore the following simplifications are used.  

1. As suggested by Zwicker [1] the slope excitations can be neglected in a first 

approximation of the specific loudness for speech signals. This is because of speech 

signals have a broad spectrum and slope excitations lead to significantly different 

excitations only for narrow spectrums.  

2. The exponent 0.23 in equation (4) is debatable in technical literature and sometimes 

higher values are suggested. Therefore the exponent 0.25 (doubled square root) is used 

because of easier computation.  

3. Instead of a 1024-point-FFT, a 256-point-FFT is used for calculating the critical-band 

intensities at 44.1 kHz and 48 kHz sampling rates. At higher bands the smaller frequency 

resolution does not have any influence especially because of the broad spectrum of speech 

signals. Only a few lower bands cannot be computed because of missing spectral lines. For 

these bands a simple interpolation can be used. Additionally, the functions a0 and g(z) are 

almost constant or linear in the lower frequency-region. Therefore detailed information 

about the distribution of energy within this region is not necessary. 
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Appendix C 
 
 
 

C.1. Tested vehicles 
 
 

The specific vehicles tested in this study are mentioned here, table C.1, to show what sort of ½ ton 

LCVs and what sort of hatch-backs were included in the research. This makes the results more 

representative and makes it possible to compare the obtained findings more accurately.  

 
 Table C.1: List of types of vehicles used as test-vehicles 

Type of vehicles Description 

Ford Bantam  2 seater, front wheel drive, ½ ton LCV 

Ford Courier 2 seater, front wheel drive, ½ ton LCV 

Opel Corsa Utility 2 seater, front wheel drive, ½ ton LCV 

Fiat Strada  2 seater, front wheel drive, ½ ton LCV  

Ford Fiesta  5 standard seater, affordable, front wheel drive Hatch-back 

VW Polo  5 standard seater, affordable, front wheel drive Hatch-back 

Toyota Tazz  5 standard seater, affordable, front wheel drive Hatch-back 
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C.2. Detailed conditions for tests 
 

Objective vehicle no 
(and test date): 

Subjective vehicle 
no: 

Environment: Wind conditions Road surface Tire Make  
(all tires at 200 kPa: 

Vehicle A   
(18/1/’06) 

 Hot (32 oC), clear, sunny 
and humid day 

Side wind 
(6-8 m/s) 

(St) Smooth 
In good condition 

Firestone ST 211 
(R13) 

Vehicle A    
(26/1/’06) 

 Hot (30 oC), clear, sunny 
and humid day 

Side wind 
(3-4 m/s) 

(St) Rough 
In good condition 

Firestone ST 211 
(R13) 

Vehicle B    
(14/2/’06) 

 Warm (29 oC), clear and 
sunny day 

Side wind 
(2-3 m/s) 

(St) Smooth / rough 
In good condition 

Goodyear Eagle (R14)  

Vehicle C 
(8/3/’06) 

Vehicle 6 Hot (30 oC), clear, sunny 
and humid day 

Side wind 
(1-2 m/s) 

(St) Smooth / rough 
In good condition 

Goodyear GT2 
(R14)  

Vehicle D    
(16/3/’06) 

 Hot (30 oC), clear and  
sunny day 

Side wind 
(2-3 m/s) 

(St) Smooth / rough 
In good condition 

Firestone ST 211 
(R13) 

Vehicle E    
(23/3/’06) 

Vehicle 7 Warm (29 oC), clear and 
sunny day 

Side wind 
(1-2 m/s) 

(St) Smooth / rough 
In good condition 

Continental 
(R14) 

Vehicle F    
(22/5/’06)     

Vehicle 1 Warm (25 oC), 10% cloud 
cover, sunny day 

Side wind 
(2-3 m/s) 

(Pr) Smooth / rough 
In good condition 

Firestone ST 211 
(R13) 

Vehicle G    
(23/5/’06) 

 Warm (25 oC), clear and 
sunny day 

Side wind 
(<1 m/s) 

(Pr) Smooth / rough 
In good condition 

Firestone T-series 
(R13) 

Vehicle H   
(23/5/’06) 

Vehicle 2 Warm (22 oC), 25% cloud 
cover, sunny day 

Side wind 
(1-2 m/s) 

(Pr) Smooth / rough 
In good condition 

Firestone T-series 
(R13) 

Vehicle I    
(26/5/’06) 

Vehicle 3 Warm (23 oC), clear sunny 
day 

Side wind 
(1-2 m/s) 

(Pr) Smooth / rough 
In good condition 

Goodyear GT2 
(R14)  

Vehicle J    
(24/5/’06) 

Vehicle 4 Warm (25 oC), 25% cloud 
cover, sunny day 

Side wind 
(2-3 m/s) 

(Pr) Smooth / rough 
In good condition 

Goodyear Eagle (R14)  

Vehicle K    
(25/5/’06) 

Vehicle 5 Warm (26 oC), clear and 
sunny day 

Side wind 
(<1 m/s) 

(Pr) Smooth / rough 
In good condition 

Goodyear GT2 
(R14)  

 
Where:  (St)  stands for tested in Stellenbosch, the smooth road test track was the M12 outside Stellenbosch to Bellville. 
         and the rough road was the R310, down the Helshoogte pass on the way to Franschhoek.  
 (Pr) indicates tested in Pretoria, were the smooth road test track was the N4 on the way to Witbank.  
        and the rough road was the R302 of the M6 on the way to Banghof. 
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C.3. Subjective jury evaluation sheets 
 
C.3.1. Subjective evaluation form (paired comparison) 
 
 

Evaluation Form:    Name: …Joe Public………….. 

     Date: ………10/ 5/ 2006…….. 
Jury Session: ……4…… 

 
 

Mark (X) the sound that you prefer i.e. the sound that is the least disturbing and annoying! 
(Note: the grey boxed tests should be disregarded!) 
 
First  Block of sound pairs 

 
Test    Test    Test  

  Sound 1 Sound 2     Sound 1 Sound 2     Sound 1 Sound 2 
1 X    11  X   21 X  

2 X    12 X    22  X 

3  X   13  X   23  X 

4  X   14  X   24  X 

5  X   15  X   25  X 

6 X    16 X    26 X  

7  X   17 X       

8  X   18 X       

9 X    19 X       

10 X    20  X      
 

Mark (X) the sound that you prefer i.e. the sound that is the least disturbing and annoying! 
 

Second Block of sound pairs 
 

Test    Test    Test  

  Sound 1 Sound 2     Sound 1 Sound 2     Sound 1 Sound 2 
1 X    11     21 X  

2 X    12 X    22   

3 X    13  X   23 X  

4  X   14  X   24  X 

5 X    15 X    25 X  

6  X   16 X       

7 X    17 X       

8  X   18 X       

9 X    19  X      

10 X    20 X       
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Mark (X) the sound that you prefer i.e. the sound that is the least disturbing and annoying! 
 
 
Third  Block of sound pairs 

 
Test    Test    Test  

  Sound 1 Sound 2     Sound 1 Sound 2     Sound 1 Sound 2 
1 X    11     21 X  

2 X    12 X    22   

3  X   13  X   23 X  

4 X    14  X   24  X 

5  X   15 X    25  X 

6 X    16 X       

7  X   17  X      

8 X    18 X       

9  X   19  X      

10  X   20  X      

 
 
 
 

Mark (X) the sound that you prefer i.e. the sound that is the least disturbing and annoying! 
 
Fourth  Block of sound pairs 

 
Test    Test    Test  

  Sound 1 Sound 2     Sound 1 Sound 2     Sound 1 Sound 2 
1 X    11 X    21 X  

2 X    12 X    22 X  

3 X    13  X   23  X 

4 X    14 X    24  X 

5  X   15  X      

6 X    16 X       

7  X   17 X       

8     18 X       

9 X    19  X      

10  X   20 X       
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Mark (X) the sound that you prefer i.e. the sound that is the least disturbing and annoying! 
 
 
Fifth  Block of sound pairs 

 
Test    Test    Test  

  Sound 1 Sound 2     Sound 1 Sound 2     Sound 1 Sound 2 
1 X    11 X    21 X  

2 X    12 X    22  X 

3  X   13  X   23  X 

4 X    14 X    24 X  

5 X    15 X    25 X  

6 X    16  X      

7  X   17  X      

8 X    18  X      

9 X    19  X      

10 X    20  X      

 
 
 

Mark (X) the sound that you prefer i.e. the sound that is the least disturbing and annoying! 
 
 
Sixth Block of sound pairs 
 
Test    Test    Test  

  Sound 1 Sound 2     Sound 1 Sound 2     Sound 1 Sound 2 
1 X    11 X    21 X  

2 X    12 X    22 X  

3  X   13 X    23 X  

4     14 X    24  X 

5 X    15     25  X 

6  X   16 X       

7  X   17 X       

8  X   18 X       

9  X   19 X       

10  X   20  X      

 
 
 
 

Thank you for your time! 
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C.3.2. Subjective evaluation form (semantic differential) 
 

Semantic differential Sound Quality tests.       Jury Session: 4 

Evaluation Form:   Name ……………Joe Public……      Date:…10 / 5 2006…... 

Annoyance  (Decide how annoying the following sounds are) 
 
 Not Irritating                        Very Irritating 

Sound 1: 

Sound 2: 

Sound 3: 

Sound 4: 

Sound 5: 

Sound 6: 

Sound 7: 

Luxury  
(Decide if the following sounds seems to be recorded in a cheap or expensive vehicle) 
 
 Cheap                                        Expensive 

Sound 1: 

Sound 2: 

Sound 3: 

Sound 4: 

Sound 5: 

Sound 6: 

Sound 7: 

Loudness  
(Decide how loud the following sounds seem) 

 
 Quiet                                     Very loud 

Sound 1: 

Sound 2: 

Sound 3: 

Sound 4: 

Sound 5: 

Sound 6: 
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C.4. Paired comparison sound presenting sequence (sample) 
      

 
The sound pairs as evaluated by one particular jury panel, jury session 1 in this case, is displayed 
here to show that all bias due to sound presenting order was carefully removed from these tests. 
This was performed by not allowing the sounds from the same test condition to follow one 
another and by presenting the sound pairs in a different sequence for every jury panel.  
 
Also as indicated on these tables, only sounds produced under identical test conditions were 
compared to one another. In the tables Tc 1 to Tc 5 stands for the five paired comparison test 
conditions evaluated, see table 5 for details. Whereas V 1 up to V 7 indicate the subjective vehicle 
ID of the vehicle this particular sound was recorded in, see table 4 for details.  
  
The sound pairs for jury session 1 then were: 
 
please enter the jury session this is:   Session number: 1 
    

You choose Paired comparison test session number 1    

The Sound Block sequence is: 1, 2, 3, 4, 5, 6    

please enter which number this Block of sound pairs is: Block of sound pair number: 1     

You choose the first Block of sound pairs to be tested     

press enter when ready to start test!        

 ------------------------------------------------------------------------------------------------------------------ 
 Test number.                 SOUND PAIR UNDER INVESTIGATION 
 ================================================================= 
 
 test number =  1 [ Tc 1: V 1  - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  2                        [ Tc 2: V 2 - V 4 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  3                                              [ Tc 3: V 3 - V 5 ] 
 ---------------------------------------------------------------------------------------------------------------------- 
 test number =  4                                                                    [ Tc 4: V 4 - V 6 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  5                                                                                          [ Tc 5: V 5 - V 7 ] 
 ---------------------------------------------------------------------------------------------------------------------- 
 test number =  6 [ Tc 1: V 6  - V 1 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  7                        [ Tc 2: V 7 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  8                                              [ Tc 3: V 1 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  9                                                                    [ Tc 4: V 2 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  10                                                                                          [ Tc 5: V 3 - V 5 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  11  ==> No vehicle 4 sound tested  
 ---------------------------------------------------------------------------------------------------------------------- 
 test number =  12                        [ Tc 2: V 5 - V 7 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  13                                              [ Tc 3: V 6 - V 1 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  14                                                                    [ Tc 4: V 7 - V 2 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  15                                                                                          [ Tc 5: V 1 - V 3 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  16 [ Tc 1: V 2  - V 6 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  17                        [ Tc 2: V 3 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  18                                              [ Tc 3: V 4 - V 6 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
test number =  19                                                                    [ Tc 4: V 5 - V 7 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  20                                                                                          [ Tc 5: V 6 - V 1 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  21 [ Tc 1: V 7  - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  22  ==>               No vehicle 1 sound tested  
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  23                                              [ Tc 3: V 2 - V 4 ] 
 ----------------------------------------------------------------------------------------------------------------------- 
 test number =  24                                                                    [ Tc 4: V 3 - V 5 ] 
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 -----------------------------------------------------------------------------------------------------------------------  
 test number =  25                                                                                          [ Tc 5: V 4 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  

>> please enter which number this Block of sound pairs is: Block of sound pair number: 2 
----------------------------------------------------------------------------------------------------------------  
 Test number.                 SOUND PAIR UNDER INVESTIGATION 
================================================================ 
        
 test number =  1                                                                    [ Tc 4: V 1 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  2                                              [ Tc 3: V 2 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  3                        [ Tc 2: V 3 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  4                                                                                          [ Tc 5: V 4 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  5  [ Tc 1: V 5 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  6                                                                    [ Tc 4: V 6 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  7                                              [ Tc 3: V 7 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  8   ==>               No vehicle 1 sound tested  
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  9                                                                                          [ Tc 5: V 2 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  10  [ Tc 1: V 3 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  11                                                                    [ Tc 4: V 4 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  12                                              [ Tc 3: V 5 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  13                        [ Tc 2: V 6 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  14                                                                                          [ Tc 5: V 7 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  15  [ Tc 1: V 1 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
test number =  16                                                                    [ Tc 4: V 2 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  17                                              [ Tc 3: V 3 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  18                        [ Tc 2: V 4 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  19                                                                                          [ Tc 5: V 5 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  20  [ Tc 1: V 6 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  21                                                                    [ Tc 4: V 7 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  22                                              [ Tc 3: V 1 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  23                        [ Tc 2: V 2 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  24                                                                                          [ Tc 5: V 3 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  

 
>> please enter which number this Block of sound pairs is: Block of sound pair number: 3 
------------------------------------------------------------------------------------------------------------------  
 Test number.                 SOUND PAIR UNDER INVESTIGATION 
=================================================================         
 test number =  1                                              [ Tc 3: V 1 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  2                                                                    [ Tc 4: V 2 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  3                                                                                          [ Tc 5: V 3 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  4   ==>  No vehicle 4 sound tested  
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  5                        [ Tc 2: V 5 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  6                                              [ Tc 3: V 6 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  7                                                                    [ Tc 4: V 7 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  8                                                                                          [ Tc 5: V 1 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  9  [ Tc 1: V 2 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  10                        [ Tc 2: V 3 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  11                                              [ Tc 3: V 4 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  12                                                                    [ Tc 4: V 5 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  13                                                                                          [ Tc 5: V 6 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
test number =  14  [ Tc 1: V 7 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  15   ==>               No vehicle 1 sound tested  
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  16                                              [ Tc 3: V 2 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
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 test number =  17                                                                    [ Tc 4: V 3 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  18                                                                                          [ Tc 5: V 4 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  19  [ Tc 1: V 5 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  20                        [ Tc 2: V 6 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  21                                              [ Tc 3: V 7 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  22                                                                    [ Tc 4: V 1 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  23                                                                                          [ Tc 5: V 2 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  24  [ Tc 1: V 3 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  25                        [ Tc 2: V 4 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 
 

>> please enter which number this Block of sound pairs is: Block of sound pair number: 4 
-----------------------------------------------------------------------------------------------------------------------  
 Test number.                 SOUND PAIR UNDER INVESTIGATION 
=======================================================================  
test number =  1                                                                                          [ Tc 5: V 1 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  2  [ Tc 1: V 2 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  3                                                                    [ Tc 4: V 3 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  4                        [ Tc 2: V 4 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  5                                              [ Tc 3: V 5 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  6                                                                                          [ Tc 5: V 6 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  7  [ Tc 1: V 7 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  8                                                                    [ Tc 4: V 1 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  9                        [ Tc 2: V 2 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
test number =  10                                              [ Tc 3: V 3 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  11                                                                                          [ Tc 5: V 4 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  12  [ Tc 1: V 5 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  13                                                                    [ Tc 4: V 6 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  14                        [ Tc 2: V 7 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  15                                              [ Tc 3: V 1 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  16                                                                                          [ Tc 5: V 2 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  17  [ Tc 1: V 3 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  18                                                                    [ Tc 4: V 4 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  19                        [ Tc 2: V 5 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  20                                              [ Tc 3: V 6 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  21                                                                                          [ Tc 5: V 7 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  22  [ Tc 1: V 1 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  23                                                                    [ Tc 4: V 2 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  24                        [ Tc 2: V 3 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  25                                              [ Tc 3: V 4 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 
 

>> please enter which number this Block of sound pairs is: Block of sound pair number: 5 
-----------------------------------------------------------------------------------------------------------------------  
 Test number.                 SOUND PAIR UNDER INVESTIGATION 
=======================================================================  
test number =  1  [ Tc 1: V 1 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  2                        [ Tc 2: V 2 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  3                                              [ Tc 3: V 3 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  4                                                                    [ Tc 4: V 4 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  5                                                                                          [ Tc 5: V 5 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  6  [ Tc 1: V 6 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
test number =  7                        [ Tc 2: V 7 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
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 test number =  8                                              [ Tc 3: V 1 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  9                                                                    [ Tc 4: V 2 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  10                                                                                          [ Tc 5: V 3 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  11 ==> No vehicle 4 sound tested  
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  12                        [ Tc 2: V 5 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  13                                              [ Tc 3: V 6 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  14                                                                    [ Tc 4: V 7 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  15                                                                                          [ Tc 5: V 1 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  16  [ Tc 1: V 2 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  17                        [ Tc 2: V 3 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  18                                              [ Tc 3: V 4 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  19                                                                    [ Tc 4: V 5 - V 4 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  20                                                                                          [ Tc 5: V 6 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  21  [ Tc 1: V 7 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  22   ==>               No vehicle 1 sound tested  
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  23                                              [ Tc 3: V 2 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  24                                                                    [ Tc 4: V 3 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  25                                                                                          [ Tc 5: V 4 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 
 

>>please enter which number this Block of sound pairs is: Block of sound pair number: 6 
-----------------------------------------------------------------------------------------------------------------------  
 Test number.                 SOUND PAIR UNDER INVESTIGATION 
=======================================================================  
test number = 1  [ Tc 1: V5 - V2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  2                        [ Tc 2: V 6 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
test number =  3                                              [ Tc 3: V 2 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  4                                                                    [ Tc 4: V 5 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  5                                                                                           [ Tc 5: V 7 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number = 6  [ Tc 1: V3 - V7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  7                        [ Tc 2: V 5 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  8                                              [ Tc 3: V 3 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  9                                                                    [ Tc 4: V 4 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  10                                                                                           [ Tc 5: V 5 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number = 11  [ Tc 1: V1 - V5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  12                        [ Tc 2: V 2 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  13                                              [ Tc 3: V 4 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  14                                                                    [ Tc 4: V 6 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  15                                                                                           [ Tc 5: V 5 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number = 16  [ Tc 1: V5 - V7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  17                        [ Tc 2: V 6 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  18                                              [ Tc 3: V 5 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  19                                                                    [ Tc 4: V 5 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  20                                                                                           [ Tc 5: V 1 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  21                                              [ Tc 3: V 6 - V 7 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  22                                                                    [ Tc 4: V 3 - V 6 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  23                                                                                           [ Tc 5: V 3 - V 2 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  24                                              [ Tc 3: V 7 - V 5 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  25                                                                    [ Tc 4: V 5 - V 1 ] 
 -----------------------------------------------------------------------------------------------------------------------  
 test number =  26                                                                                          [ Tc 5: V 6 - V 3 ] 
 -----------------------------------------------------------------------------------------------------------------------  
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Appendix D 

 

D.1. Result tables 
 

The result tables and figures that display important findings but could not be included in the 

main section, are arranged under three headings here: 

• Objective results (D.1.1) 

• Subjective results (D.1.2) 

• Correlation results (D.1.3) 

 

 

D.1.1. Objective result tables and figures 

 

These are the tables and figures not displayed in section 4.1 

  

Table D.1: Test conditions investigated 

Test condition ID Conditions Noise type tested 

TC1 Downhill in gear on rough road Engine/ road noise 

TC2 Downhill in Neutral on rough road Road noise 

TC3 Uphill in gear on rough road Engine/ road noise 

TC4 Downhill in gear on smooth road Wind/ road noise 

TC5 Downhill in Neutral on smooth road Wind noise 

TC6 Uphill in gear on smooth road Wind/ engine noise 

TC7 Level road in gear (at WOT) on smooth road Engine noise 

 

 

Table D.2 on the next page is displaying all objective results, for all test vehicles, obtained 

during this study. 

 

Notes on Table D.2:  *  indicates that a certain metric could not be obtained, as  

SSQTOOL is saturated during these calculations. 

    n.a indicates that a certain metric has not been calculated, as it  

was not needed in this investigation.   
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          Table D.2: Objective results for 11 test-vehicles tested on roads in Stellenbosch and Pretoria    
              

   
Stellenbosch tested vehicles 

   
Pretoria tested vehicles 

 
              LHD 
Objective test vehicle ID   A B C D E   F G H I J K 
                           
Subjective test vehicle ID         6 7    1   2 3 4 5 
       percentage       
On smooth road  (note: Stellenbosch road is rougher!)   difference       
       between        
Metrics at 30 km/h (TC 7)       loudness        
               
Avg Loudness (left ear) (in sone)  33.82 33.03 32.83 29.35 26.50 0% 33.58 33.29 24.80 24.30 19.96 20.45 
Avg Loudness (right ear) (in sone)  31.73 32.52 29.93 26.16 25.34   31.11 30.29 22.38 25.92 19.39 22.18 
               
Avg Sharpness (left ear) (in acum)  1.50 1.52 2.10 1.67 1.36   1.38 1.63 1.90 1.79 1.45 1.73 
Avg Sharpness (right ear) (in acum)  1.46 1.46 1.99 1.53 1.34   1.34 1.57 1.80 1.61 1.41 1.50 
               
Avg Fluctuation strength (left ear) (in vacil)  0.087 * 0.185 0.328 0.030   0.031 0.031 0.075 0.155 0.152 0.110 
Avg Fluctuation strength (right ear) (in vacil)  0.093 * 0.202 0.230 0.032   0.030 0.024 0.151 0.075 0.131 0.076 
               
Metrics at 50 km/h (TC 7 and PCT 2)               
               
Avg Loudness (left ear) (in sone)  34.55 29.88 34.81 29.48 28.30 0% 37.62 27.48 25.19 25.82 24.54 21.85 
Avg Loudness (right ear) (in sone)  32.64 27.82 31.51 26.72 27.16   34.43 23.69 23.21 22.85 23.62 22.07 
               
Avg Sharpness (left ear) (in acum)  1.46 1.48 1.95 1.64 1.41   1.41 1.59 1.77 1.71 1.42 1.58 
Avg Sharpness (right ear) (in acum)  1.42 1.44 1.85 1.50 1.40   1.34 1.58 1.70 1.65 1.37 1.44 
               
Avg Fluctuation strength (left ear) (in vacil)  0.276 0.282 0.300 0.317 0.062   0.057 0.277 0.116 0.248 0.061 0.215 
Avg Fluctuation strength (right ear) (in vacil)  0.333 0.335 0.292 0.349 0.062   0.059 0.212 0.151 0.239 0.061 0.177 
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Metrics at 60 km/h (downhill in Neutral) (TC 5)  A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  39.87 32.81 29.07 30.00 24.60 -25% 30.22 21.35 22.41 20.77 20.77 20.82 
Avg Loudness (right ear) (in sone)  36.44 30.98 25.72 26.90 23.01   27.14 19.29 20.44 18.94 18.96 19.88 
               
Avg Sharpness (left ear) (in acum)  1.53 1.45 1.61 1.53 1.38   1.49 1.36 1.50 1.51 1.37 1.41 
Avg Sharpness (right ear) (in acum)  1.45 1.38 1.45 1.39 1.34   1.39 1.32 1.38 1.44 1.31 1.29 
               
Avg Fluctuation strength (left ear) (in vacil)  0.352 * 0.241 0.269 0.230   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  0.338 * 0.216 0.288 0.188   n.a n.a n.a n.a n.a n.a 

               
Metrics at 60 km/h (downhill in 4th gear) (TC 4)               
               
Avg Loudness (left ear) (in sone)  34.65 29.47 28.57 26.48 24.64 -20% 27.60 24.59 22.76 22.68 21.46 20.02 
Avg Loudness (right ear) (in sone)  32.83 28.34 25.12 23.77 23.00   24.64 22.73 21.04 21.18 19.67 19.06 
               
Avg Sharpness (left ear) (in acum)  1.48 1.50 1.54 1.56 1.44   1.49 1.47 1.60 1.59 1.38 1.44 
Avg Sharpness (right ear) (in acum)  1.43 1.41 1.40 1.44 1.38   1.41 1.39 1.48 1.50 1.33 1.31 
               
Avg Fluctuation strength (left ear) (in vacil)  0.323 0.282 0.221 0.204 0.213   0.300 0.314 0.244 0.215 0.339 0.268 
Avg Fluctuation strength (right ear) (in vacil)  0.314 0.272 0.204 0.224 0.202   0.299 0.264 0.212 0.221 0.289 0.290 

               
Metrics at 60 km/h (uphill in 4th gear) (TC 6)               
               
Avg Loudness (left ear) (in sone)  35.08 31.76 31.65 29.53 22.76 -26% 25.94 25.68 26.05 21.42 23.41 22.83 
Avg Loudness (right ear) (in sone)  31.74 30.40 28.15 26.44 21.21   23.21 23.41 23.42 20.18 21.19 21.87 
               
Avg Sharpness (left ear) (in acum)  1.44 1.49 1.66 1.56 1.48   1.49 1.47 1.62 1.49 1.34 1.46 
Avg Sharpness (right ear) (in acum)  1.40 1.40 1.53 1.44 1.45   1.42 1.43 1.51 1.40 1.31 1.32 
               
Avg Fluctuation strength (left ear) (in vacil)  0.353 0.333 0.247 0.255 0.168   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  0.338 0.310 0.259 0.244 0.166   n.a n.a n.a n.a n.a n.a 



 D - 4 

Metrics at 80 km/h (downhill in Neutral) (TC 5)  A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  43.78 38.07 38.96 36.63 30.63 -21% 34.67 29.22 28.03 26.08 24.98 26.67 
Avg Loudness (right ear) (in sone)  40.65 35.86 33.77 32.38 26.55   31.62 26.25 24.97 24.42 23.59 25.22 
               
Avg Sharpness (left ear) (in acum)  1.65 1.58 1.76 1.76 1.57   1.64 1.49 1.64 1.67 1.54 1.60 
Avg Sharpness (right ear) (in acum)  1.53 1.47 1.54 1.58 1.47   1.52 1.40 1.50 1.57 1.44 1.45 
               
Avg Fluctuation strength (left ear) (in vacil)  0.497 * 0.296 0.272 0.314   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  0.439 * 0.241 0.306 0.354   n.a n.a n.a n.a n.a n.a 

               
Metrics at 80 km/h (downhill in 5th gear) (TC 4)               
               
Avg Loudness (left ear) (in sone)  47.25 39.04 35.82 36.69 30.01 -30% 33.53 28.53 28.67 24.42 26.20 26.42 
Avg Loudness (right ear) (in sone)  44.21 36.80 31.65 32.67 26.07   30.89 25.39 25.75 22.83 24.60 25.15 
               
Avg Sharpness (left ear) (in acum)  1.65 1.59 1.91 1.72 1.60   1.66 1.55 1.77 1.58 1.59 1.63 
Avg Sharpness (right ear) (in acum)  1.57 1.48 1.74 1.55 1.49   1.54 1.49 1.64 1.50 1.47 1.48 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.317 * 0.343   n.a n.a n.a n.a * n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.329 * 0.361   n.a n.a n.a n.a * n.a 

               
Metrics at 80 km/h (uphill in 5th gear) (TC 6)               
               
Avg Loudness (left ear) (in sone)  45.80 38.14 34.74 36.96 31.68 -26% 32.45 27.87 29.36 24.89 27.12 25.13 
Avg Loudness (right ear) (in sone)  41.45 38.48 30.48 32.62 29.30   29.87 24.91 26.72 23.06 24.78 24.39 
               
Avg Sharpness (left ear) (in acum)  1.74 1.63 1.83 1.77 1.53   1.60 1.54 1.69 1.60 1.44 1.58 
Avg Sharpness (right ear) (in acum)  1.63 1.54 1.64 1.61 1.44   1.50 1.49 1.56 1.53 1.38 1.42 
               
Avg Fluctuation strength (left ear) (in vacil)  0.518 * 0.297 0.354 0.233   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  0.439 * 0.314 0.379 0.260   n.a n.a n.a n.a n.a n.a 



 D - 5 

Metrics at 100 km/h (downhill in Neutral) (TC 5)  A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  56.88 48.81 46.79 41.14 36.08 -26% 39.25 33.10 33.41 32.29 32.29 32.17 
Avg Loudness (right ear) (in sone)  52.99 45.28 40.04 35.88 33.14   36.25 29.17 30.03 29.58 30.22 30.49 
               
Avg Sharpness (left ear) (in acum)  1.84 1.82 1.98 1.94 1.88   1.78 1.67 1.86 1.99 1.73 1.78 
Avg Sharpness (right ear) (in acum)  1.65 1.70 1.71 1.70 1.71   1.64 1.56 1.68 1.82 1.58 1.59 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.419 0.312 0.265   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.388 0.368 0.350   n.a n.a n.a n.a n.a n.a 

               
Metrics at 100 km/h (downhill in 5th gear) (TC 4 and PCT 4)            
               
Avg Loudness (left ear) (in sone)  52.45 41.26 42.48 44.05 33.67 -20% 40.57 34.22 36.96 32.39 33.51 33.66 
Avg Loudness (right ear) (in sone)  48.12 39.32 38.81 38.98 31.32   37.54 31.45 33.63 29.83 31.75 32.12 
               
Avg Sharpness (left ear) (in acum)  1.85 1.84 1.95 2.02 1.84   1.87 1.75 1.96 2.00 1.70 1.82 
Avg Sharpness (right ear) (in acum)  1.75 1.67 1.69 1.77 1.70   1.73 1.66 1.79 1.84 1.55 1.64 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.411 * 0.301   0.310 0.231 0.239 0.298 0.235 0.372 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.430 * 0.260   0.272 0.294 0.154 0.264 0.297 0.348 

               
Metrics at 100 km/h (uphill in 5th gear) (TC 6)            
               
Avg Loudness (left ear) (in sone)  47.22 43.64 40.10 39.97 34.39 -21% 37.81 34.50 35.94 30.02 34.15 30.23 
Avg Loudness (right ear) (in sone)  43.58 41.10 35.03 35.19 32.53   34.51 31.82 32.85 27.28 32.32 29.28 
               
Avg Sharpness (left ear) (in acum)  1.82 1.75 2.09 1.96 1.87   1.88 1.74 1.92 1.78 1.65 1.72 
Avg Sharpness (right ear) (in acum)  1.66 1.63 1.86 1.74 1.72   1.72 1.64 1.76 1.69 1.53 1.55 
               
Avg Fluctuation strength (left ear) (in vacil)  0.381 * 0.326 0.255 0.291   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  0.355 * 0.319 0.321 0.331   n.a n.a n.a n.a n.a n.a 



 D - 6 

Metrics at 120 km/h (downhill in Neutral) (TC 5)  A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  60.56 55.77 49.03 49.32 41.39 -27% 45.27 39.63 38.42 37.93 36.98 38.91 
Avg Loudness (right ear) (in sone)  56.49 52.73 42.13 42.93 37.95   41.41 35.72 34.48 35.00 34.10 36.78 
               
Avg Sharpness (left ear) (in acum)  2.10 1.97 2.23 2.26 2.06   2.01 1.78 2.04 2.21 2.00 2.00 
Avg Sharpness (right ear) (in acum)  1.95 1.79 1.91 1.95 1.86   1.87 1.64 1.80 1.98 1.78 1.80 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.264 0.323 0.334   n.a 0.371 0.296 0.387 0.344 0.240 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.253 0.376 0.408   n.a 0.370 0.241 0.348 0.319 0.263 

               
Metrics at 120 km/h (downhill in 5th gear) (TC 4)              
               
Avg Loudness (left ear) (in sone)  59.71 51.12 48.17 50.35 40.44 -25% 45.89 43.39 44.98 43.74 37.86 41.21 
Avg Loudness (right ear) (in sone)  55.85 47.43 41.19 43.97 37.35   42.02 38.89 40.64 41.02 35.14 39.00 
               
Avg Sharpness (left ear) (in acum)  2.10 2.11 2.18 2.26 2.05   2.08 1.96 2.16 2.35 2.00 2.06 
Avg Sharpness (right ear) (in acum)  1.97 1.91 1.87 1.95 1.85   1.98 1.80 1.93 2.10 1.81 1.85 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.264 0.341 0.354   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.289 0.351 0.359   n.a n.a n.a n.a n.a n.a 
               
Metrics at 120 km/h (uphill in 5th gear) (TC 6, PCT 3 and SDT 2)            
               
Avg Loudness (left ear) (in sone)  57.23 54.04 49.45 48.49 41.63 -21% 46.20 41.81 41.61 35.61 35.71 34.55 
Avg Loudness (right ear) (in sone)  52.93 50.57 43.32 42.53 38.93   42.05 39.43 39.38 35.08 32.64 33.18 
               
Avg Sharpness (left ear) (in acum)  2.08 1.99 2.30 2.26 2.02   2.13 2.00 2.10 1.96 1.95 1.97 
Avg Sharpness (right ear) (in acum)  2.02 1.84 2.09 1.95 1.83   1.97 1.81 1.86 1.82 1.81 1.75 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.319 0.281 0.273   0.209 0.210 0.200 0.302 0.265 0.253 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.345 0.406 0.328   0.320 0.147 0.154 0.305 0.233 0.302 



 D - 7 

Rough road   (note: Stellenbosch road is rougher!)            
 

Metrics at 60 km/h (downhill in Neutral) (TC 2)  A B C D E   F G H I J K 
               

Avg Loudness (left ear) (in sone)  47.75 36.63 40.86 37.35 31.99 -20% 37.68 35.00 32.39 29.81 31.24 30.74 
Avg Loudness (right ear) (in sone)  43.73 34.90 36.13 33.44 30.26   34.22 31.57 30.12 27.15 29.07 30.10 
               
Avg Sharpness (left ear) (in acum)  1.41 1.41 1.55 1.54 1.33   1.42 1.33 1.32 1.26 1.20 1.26 
Avg Sharpness (right ear) (in acum)  1.33 1.33 1.44 1.38 1.26   1.36 1.21 1.22 1.23 1.15 1.19 
               
Avg Fluctuation strength (left ear) (in vacil)  0.342 * 0.315 0.347 0.266   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  0.343 * 0.278 0.339 0.284   n.a n.a n.a n.a n.a n.a 
               
Metrics at 60 km/h (downhill in 4th gear) (TC 1)               
               
Avg Loudness (left ear) (in sone)  47.34 35.44 39.51 35.11 29.77 -15% 41.76 29.44 30.26 30.77 28.46 30.49 
Avg Loudness (right ear) (in sone)  43.28 33.80 35.16 31.72 28.00   38.32 26.90 28.29 28.02 26.39 29.78 
               
Avg Sharpness (left ear) (in acum)  1.63 1.42 1.57 1.52 1.35   1.49 1.38 1.42 1.30 1.22 1.33 
Avg Sharpness (right ear) (in acum)  1.51 1.35 1.45 1.35 1.27   1.42 1.31 1.32 1.29 1.19 1.25 
               
Avg Fluctuation strength (left ear) (in vacil)  * * * 0.222 0.253   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * * 0.230 0.197   n.a n.a n.a n.a n.a n.a 
               
Metrics at 60 km/h (uphill in 4th gear) (TC 3)               
               
Avg Loudness (left ear) (in sone)  45.54 35.66 39.54 34.15 30.00 -21% 34.14 32.67 29.58 24.37 29.26 33.04 
Avg Loudness (right ear) (in sone)  41.76 33.72 34.30 30.22 28.00   31.38 29.73 27.52 22.38 26.73 31.71 
               
Avg Sharpness (left ear) (in acum)  1.44 1.47 1.71 1.53 1.45   1.41 1.38 1.45 1.53 1.31 1.41 
Avg Sharpness (right ear) (in acum)  1.38 1.38 1.62 1.37 1.38   1.37 1.30 1.37 1.47 1.26 1.31 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.241 0.335 0.194   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.216 0.388 0.23   n.a n.a n.a n.a n.a n.a 



 D - 8 

Metrics at 80 km/h (downhill in Neutral) (TC 2)  A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  59.65 44.65 47.59 43.62 36.41 -20% 47.51 40.09 38.39 36.66 36.10 36.78 
Avg Loudness (right ear) (in sone)  55.34 42.49 41.38 38.95 33.92   44.18 35.56 34.77 32.70 33.57 35.52 
               
Avg Sharpness (left ear) (in acum)  1.65 1.63 1.79 1.72 1.57   1.56 1.44 1.50 1.35 1.30 1.38 
Avg Sharpness (right ear) (in acum)  1.51 1.50 1.60 1.52 1.47   1.51 1.32 1.37 1.30 1.24 1.30 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.454 0.297 0.179   * n.a n.a n.a * n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.397 0.353 0.261   * n.a n.a n.a * n.a 

               
Metrics at 80 km/h (downhill in 5th gear) (TC 1)               
               
Avg Loudness (left ear) (in sone)  55.83 44.76 45.31 45.31 40.00 -13% 49.51 38.61 38.04 32.77 35.54 35.50 
Avg Loudness (right ear) (in sone)  51.45 42.75 40.20 41.01 37.68   45.50 34.24 35.00 29.88 33.45 34.17 
               
Avg Sharpness (left ear) (in acum)  1.72 1.54 1.75 1.70 1.56   1.58 1.52 1.57 1.41 1.32 1.42 
Avg Sharpness (right ear) (in acum)  1.56 1.42 1.62 1.50 1.45   1.53 1.42 1.46 1.37 1.27 1.32 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.356 * 0.284   * n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.277 * 0.261   * n.a n.a n.a n.a n.a 

               
Metrics at 80 km/h (uphill in 4th gear) (TC 3 and PCT 5)             
               
Avg Loudness (left ear) (in sone)  52.43 38.32 43.55 40.14 35.74 -13% 45.87 37.79 36.27 35.19 35.07 33.67 
Avg Loudness (right ear) (in sone)  47.95 36.79 38.12 35.71 33.34   41.90 34.29 33.31 32.12 32.60 32.64 
               
Avg Sharpness (left ear) (in acum)  1.66 1.60 1.74 1.69 1.54   1.68 1.56 1.67 1.71 1.55 1.58 
Avg Sharpness (right ear) (in acum)  1.58 1.50 1.64 1.51 1.47   1.60 1.47 1.59 1.61 1.41 1.44 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.342 0.319 0.305   0.502 0.356 0.231 0.352 0.443 0.185 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.321 0.330 0.241   0.489 0.346 0.282 0.340 0.389 0.235 



 D - 9 

Metrics at 100 km/h (downhill in Neutral) (TC 2, PCT 1 and SDT 3)           
               
Avg Loudness (left ear) (in sone)  63.35 54.63 57.22 56.95 46.71 -14% 54.18 42.73 47.18 44.02 42.39 42.89 
Avg Loudness (right ear) (in sone)  58.74 50.94 49.74 49.82 43.33   50.10 37.71 42.10 39.36 40.50 41.03 
               
Avg Sharpness (left ear) (in acum)  1.75 1.83 1.96 2.08 1.89   1.74 1.58 1.61 1.54 1.41 1.54 
Avg Sharpness (right ear) (in acum)  1.65 1.68 1.73 1.80 1.72   1.64 1.46 1.46 1.46 1.35 1.41 
               
Avg Fluctuation strength (left ear) (in vacil)  * * * * 0.257   * n.a n.a n.a * n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * * * 0.323   * n.a n.a n.a * n.a 

               
Metrics at 100 km/h (downhill in 5th gear) (TC 1) A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  66.44 56.93 55.48 55.76 44.91 -20% 53.57 46.60 48.28 40.85 41.29 40.60 
Avg Loudness (right ear) (in sone)  60.53 54.46 48.30 48.52 42.03   49.96 42.00 43.77 37.18 39.25 38.60 
               
Avg Sharpness (left ear) (in acum)  1.82 1.84 2.01 1.98 1.84   1.74 1.67 1.76 1.60 1.49 1.58 
Avg Sharpness (right ear) (in acum)  1.74 1.69 1.80 1.70 1.67   1.66 1.55 1.62 1.52 1.40 1.46 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.397 * 0.289   * n.a n.a n.a * n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.406 * 0.340   * n.a n.a n.a * n.a 

               
Metrics at 100 km/h (uphill in 4th gear) (TC 3)               
               
Avg Loudness (left ear) (in sone)  56.23 46.47 51.76 48.75 42.20 -9% 51.11 45.82 39.24 42.22 42.46 39.86 
Avg Loudness (right ear) (in sone)  51.10 44.43 45.22 42.78 39.61   47.23 40.67 34.85 38.61 38.07 38.31 
               
Avg Sharpness (left ear) (in acum)  1.75 1.78 2.01 1.95 1.70   1.85 1.73 1.96 1.89 1.79 1.74 
Avg Sharpness (right ear) (in acum)  1.64 1.67 1.89 1.73 1.58   1.76 1.61 1.79 1.75 1.61 1.57 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.393 0.310 0.272   n.a n.a n.a n.a n.a n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.355 0.348 0.305   n.a n.a n.a n.a n.a n.a 



 D - 10 

Metrics at 120 km/h (downhill in Neutral) (TC 2 and SDT 1) (Average difference) (-18%)       
               
Avg Loudness (left ear) (in sone)  70.92 65.01 61.97 66.56 53.02 -16% 60.16 56.00 54.29 49.75 45.77 48.46 
Avg Loudness (right ear) (in sone)  66.03 61.54 53.69 57.59 49.30   55.28 49.25 48.40 44.33 42.60 46.52 
               
Avg Sharpness (left ear) (in acum)  1.93 2.08 2.19 2.30 2.06   1.91 1.83 1.83 1.72 1.67 1.79 
Avg Sharpness (right ear) (in acum)  1.78 1.90 1.92 1.96 1.87   1.82 1.60 1.63 1.62 1.54 1.63 
               
Avg Fluctuation strength (left ear) (in vacil)  * * * * 0.431   * * n.a n.a * n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * * * 0.456   * * n.a n.a * n.a 
               
Metrics at 120 km/h (downhill in 5th gear) (TC 1) A B C D E   F G H I J K 
               
Avg Loudness (left ear) (in sone)  72.84 61.83 63.87 64.40 54.34 -19% 57.59 60.65 54.94 49.51 49.43 47.38 
Avg Loudness (right ear) (in sone)  68.65 58.49 55.73 56.23 50.45   52.93 53.32 49.28 44.48 45.29 45.58 
               
Avg Sharpness (left ear) (in acum)  2.03 2.05 2.31 2.24 2.08   1.92 1.94 1.94 1.83 1.76 1.81 
Avg Sharpness (right ear) (in acum)  1.89 1.88 2.03 1.91 1.86   1.84 1.71 1.76 1.71 1.61 1.63 
               
Avg Fluctuation strength (left ear) (in vacil)  * * 0.440 * *   * n.a * n.a * n.a 
Avg Fluctuation strength (right ear) (in vacil)  * * 0.376 * *   * n.a * n.a * n.a 
               
Metrics at 120 km/h (uphill in 5th gear) (TC 3)     4th gear 4th gear         
               
Avg Loudness (left ear) (in sone)     52.32 46.33 -12% 53.58 49.14 49.87 46.64 47.02 43.62 
Avg Loudness (right ear) (in sone)     49.21 42.71   49.74 44.74 46.23 43.68 42.18 41.39 
               
Avg Sharpness (left ear) (in acum)     2.23 2.02   2.03 1.83 1.94 2.07 2.04 1.95 
Avg Sharpness (right ear) (in acum)     1.98 1.86   1.91 1.66 1.74 1.90 1.80 1.74 
               
Avg Fluctuation strength (left ear) (in vacil)     * n.a   n.a 0.436 0.281 0.370 * 0.305 
Avg Fluctuation strength (right ear) (in vacil)     * n.a   n.a 0.343 0.203 0.322 * 0.307 
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Objective result figures 
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Figure D.1: Objective loudness for TC1 
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Figure D.2: Objective sharpness for TC1 

Sharpness for rough road downhill in Neutral (TC 2)
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Figure D.3: Objective sharpness for TC2 
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Loudness on smooth road downhill in gear (TC 4)
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Figure D.4: Objective loudness for TC4 
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Figure D.5: Objective sharpness for TC4 

 

Loudness on smooth road downhill in Neutral (TC 5)
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Figure D.6: Objective loudness for TC5 
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Sharpness for smooth road downhill in Neutral (TC 5)
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Figure D.7: Objective sharpness for TC5 
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Figure D.8: Objective fluctuation strength for TC5 
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D.1.2. Subjective result tables and figures 

 

All figures regarding the semantic differential evaluation (SDT1 to SDT3) were included in the 

main text under section 4.2 and 4.3. 

 

Table D.3: Paired comparison test conditions 
Test ID Test condition Vehicle tested Reason for test 

PCT1 100 km/h downhill on a 
rough tar road in Neutral 
 

4 LCVs 
2 Hatch-backs 

Dominantly road noise. 
Sounds are spread over the N and Sh 
spectrum. 

PCT2 50 km/h on a level and 
smooth tar road in 2nd gear 
 

4 LCVs 
2 Hatch-backs 

Dominantly engine noise. 
Sounds are spread over the N, FS and 
Sh spectrum.  

PCT3 120 km/h uphill on a 
smooth tar road in 5th gear 
 

5 LCVs 
2 Hatch-backs 

Dominantly aerodynamic noise. 
Very spread over the N spectrum. Sh 
and FS are similar for all.  

PCT4 100 km/h downhill on a 
smooth tar road in 5th gear 
 

5 LCVs 
2 Hatch-backs 

Dominantly road and wind noise. 
Very spread over the FS and N 
spectrum. Sh is similar for all.  

PCT5 80 km/h uphill on a rough 
tar road in 4th gear 
 

5 LCVs 
2 Hatch-backs 

Dominantly engine and road noise. 
Very spread over the FS spectrum. N 
and Sh are similar for all.  

Where:  N = Zwicker loudness [sone] 
  Sh = Aure sharpness [acum] 
  FS = Zwicker fluctuation strength [vacil] 
 

 On the other hand, the remaining result figures from the paired comparison test are displayed 

here. The pie charts (figures D.9 to D.12) are a visualisation for the results given in table D.4, the 

response of the paired comparison tests for all five test conditions (PCT1 to PCT5) investigated.  
 

Preferred vehicle sounds (out of times tested) for PCT 1
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66.7% Vehicle 3

100%
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Figure D.9: Paired comparison results for PCT1



 D - 15 

 Table D.4: Paired comparison responses  
 

Test  Averages  
chosen 
more  Vehicle  

not 
chosen % right   Test  Averages  

chosen 
more  Vehicle  

not 
chosen % right 

conditions   entries often sounds  favourite     conditions entries often sounds favourite   
                            

3.0 27 3 V1 - V3 0 100.0   4.8 27 5 V3 - V5 3 88.9 
4.7 27 6 V6 - V1 7 74.1   2.9 27 3 V1 - V3 2 92.6 
2.3 14 2 V2 - V6 0 100.0   5.1 27 6 V6 - V1 5 81.5 
3.5 27 2 V7 - V2 8 70.4   4.1 27 4 V4 - V6 1 96.3 
5.0 27 5 V5 - V6 0 100.0   3.9 27 4 V2 - V4 1 96.3 
3.4 14 3 V3 - V5 3 78.6   2.6 27 3 V2 - V3 10 63.0 
1.9 27 2 V1 - V2 2 92.6   7.0 27 7 V7 - V1 0 100.0 
6.9 27 7 V6 - V7 2 92.6   5.0 27 5 V5 - V6 0 100.0 
4.2 26 5 V2 - V5 7 73.1   3.8 27 4 V3 - V4 5 81.5 
3.5 26 3 V7 - V3 3 88.5   1.9 27 2 V1 - V2 2 92.6 
5.0 26 5 V5 - V1 0 100.0   4.0 13 4 V1 - V4 0 100.0 
3.0 13 3 V3 - V6 0 100.0   3.8 13 2 V6 - V2 6 53.8 
5.3 26 5 V7 - V5 4 84.6   4.5 13 4 V4 - V7 2 84.6 
3.5 13 3 V5 - V3 3 76.9   4.8 13 5 V2 - V5 1 92.3 

1 

6.5 13 7 V1 - V7 1 92.3   6.1 13 7 V7 - V3 3 76.9 
               5.1 13 7 V2 - V7 5 61.5 

3.2 27 4 V2 - V4 9 66.7   3.2 13 3 V3 - V6 1 92.3 
4.9 14 4 V7 - V4 4 71.4   4.6 13 5 V4 - V5 5 61.5 
5.4 27 5 V5 - V7 5 81.5   5.0 13 5 V5 - V1 0 100.0 
4.9 27 5 V3 - V5 2 92.6   6.9 13 7 V6 - V7 1 92.3 
3.9 14 4 V3 - V4 2 85.7   

3 

5.2 13 5 V7 - V5 1 92.3 
6.4 27 6 V6 - V7 10 63.0          
4.7 27 5 V4 - V5 8 70.4          
2.1 27 2 V2 - V3 3 88.9          
5.3 26 6 V3 - V6 6 76.9          
5.1 26 6 V6 - V2 6 76.9          
4.9 13 4 V4 - V6 6 53.8          
6.7 13 7 V3 - V7 1 92.3          
5.8 13 7 V2 - V7 3 76.9          
5.2 26 5 V5 - V6 4 84.6          

2 

4.8 13 5 V2 - V5 1 92.3          
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 Table D.4 (continued): Paired comparison responses  
 
   chosen         chosen    

Test  Averages  more  Vehicle  
not 

chosen % right   Test  Averages  more  Vehicle  
not 

chosen % right 
conditions   entries often sounds  favourite     conditions entries often sounds  favourite   
                

4.1 27 4 V4 - V6 1 96.3   5.4 27 5 V5 - V7 6 77.8 
3.4 27 4 V2 - V4 8 70.4   3.6 27 3 V3 - V5 8 70.4 
6.8 27 7 V7 - V2 1 96.3   3.0 14 3 V1 - V3 0 100.0 
6.1 27 5 V5 - V7 13 51.9   6.0 27 6 V6 - V1 0 100.0 
3.7 14 3 V3 - V5 5 64.3   4.2 27 4 V4 - V6 3 88.9 
2.0 27 2 V1 - V2 0 100.0   4.5 27 4 V4 - V5 13 51.9 
7.0 27 7 V6 - V7 1 96.3   2.9 27 3 V2 - V3 4 85.2 
4.7 27 5 V4 - V5 8 70.4   7.0 27 7 V7 - V1 0 100.0 
2.8 27 3 V2 - V3 5 81.5   5.3 27 5 V5 - V6 9 66.7 
7.0 14 7 V7 - V1 0 100.0   3.7 27 4 V3 - V4 8 70.4 
4.8 13 5 V2 - V5 1 92.3   3.3 26 3 V3 - V6 3 88.5 
3.9 13 3 V7 - V3 3 76.9   4.0 13 4 V1 - V4 0 100.0 
5.0 26 5 V5 - V1 0 100.0   4.2 13 6 V6 - V2 6 53.8 
4.2 26 3 V3 - V6 10 61.5   4.9 13 4 V4 - V7 4 69.2 
4.0 13 4 V1 - V4 0 100.0   4.8 13 5 V2 - V5 1 92.3 
3.0 13 3 V3 - V1 0 100.0   4.0 13 4 V4 - V2 0 100.0 
5.2 13 6 V1 - V6 2 84.6   6.2 13 7 V2 - V7 2 84.6 
3.3 13 3 V4 - V3 4 69.2   2.0 13 2 V1 - V2 0 100.0 
5.2 13 5 V5 - V6 2 84.6   6.5 13 7 V6 - V7 6 53.8 
6.5 13 7 V4 - V7 2 84.6   3.3 13 3 V7 - V3 1 92.3 

4 

2.6 13 2 V6 - V2 2 84.6   

5 

5.0 13 5 V5 - V1 0 100.0 
                
              Average 84.0 
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Preferred vehicle sounds  (out of times tested) for PCT 2
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Figure D.10: Paired comparison results for PCT2 
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Figure D.11: Paired comparison results for PCT4 

 Preferred vehicle sounds (out of times tested) for PCT 5

Vehicle 3
83.3%

Vehicle 4
100%

Vehicle 5
66.7%

Vehicle 6
33.3%

Vehicle 7
50.0%

Vehicle 2
16.7%

Vehicle 1
0%

 

Figure D.12: Paired comparison results for PCT5 
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D.1.3. Correlation figures 
 

Linear regression was utilised to obtain the newly developed objective metric, the SPF. For this 

equation the single objective metric correlation with subjective evaluation was inverted, as this 

study wants to develop an equation for pleasant interior sounds, not disturbing sounds. 
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Correlation with Sharpness for SDT1 (Annoyance)
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Correlation with Loudness for SDT 2 (Luxury)
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Correlation with Loudness for SDT3 (Loudness)
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Correlation w ith Sharpness for SDT 3 (Loudness)
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Figure D.13: Correlation for SDT1 – SDT3 (loudness and sharpness against Subjective Preference)  

 

SPLCV = 2.717 – 0.0426 N 

SPall = 2.347 – 0.0349 N SPall = 2.177 – 0.903 Sh 

SPLCV = 5.34 – 2.704 Sh 

SPall = 3.14 – 1.253 Sh 

SPLCV = 6.73 – 3.045 Sh 

SPall = 1.844 – 0.0316 N 

SPLCV = 2.621 – 0.0528 N 

SPLCV = 3.185 – 0.0574 N 

SPall = 2.874 – 0.0504 N SPall = 2.07 – 0.949 Sh 

SPLCV = 5.55 – 3.15 Sh 
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Linear regression was utilised in this study to combine the effects loudness (N) and sharpness 

(Sh) have on the interior sound quality of LCVs. The procedure was: 
   

  Subjective rating (loudness) = Naa ⋅+ 10    …..(1) 

 

Equation (1) results in the following equation for SDT1 as seen in the top left hand figure of 

figure D.13. 

  Subjective preference (loudness) = N⋅− 0349.0347.2  …..(2) 
 

Equation (2) is the subjective preference of interior vehicle sounds from SDT1 evaluated for 

Zwicker loudness for all test vehicles, including the two hatch-back vehicles. In order to include 

the effect sharpness has on the subjective pleasantness of this test condition (SDT1), as seen in 

the top right hand corner of figure D.13, the average sharpness present in these sounds is added 

to equation (2) and the individual sharpness for each sound is then subtracted from this. This is 

illustrated in equation (3), the average sharpness for this test condition (SDT1) is Shavg = 1.90 

was calculated from table D.2. 
  

Subjective preference (loudness and sharpness) = ShN −⋅−+ 0349.090.1347.2  

 Which is:    SPF_Aall   = ShN −⋅− 035.025.4  …..(3) 
 

Equation (3) reduces to equation (13) in chapter 4 and 6 if the effect of the hatch-backs is 

disregarded. The same procedure was followed for test condition SDT2 and SDT3, which result 

in equation (14) and (15) respectively, for comparing only the tested LCVs. 
 

A number of important figures of results, not placed under section 4.3, are displayed here of the 

correlation between subjective ratings and objective metrics (N and Sh) of a number of sounds.  
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Figure D.14: Paired comparison correlation for PCT1 (loudness) 

R2
all = 0.76 

R2
LCV = 0.78 
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Correlation with Sharpness for PCT 1
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Figure D.15: Paired comparison correlation for PCT1 (sharpness) 
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Figure D.16: Paired comparison correlation for PCT2 (sharpness) 

 

R2
all = 0.51 

R2
LCV = 0.84 

R2
all = 0.29 

R2
LCV = 0.59 



 D - 21 

 
Figure D.17: Paired comparison correlation for PCT4 (loudness) 
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Figure D.18: Paired comparison correlation for PCT4 (sharpness) 

 

 

 

 

 

 

 

Correlation with Loudness for PCT 4 
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Figure D.19: Paired comparison correlation for PCT5 (loudness) 
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Figure D.20: Paired comparison correlation for PCT5 (sharpness) 
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The figures for correlation of the semantic differential evaluation with the newly developed 

equation, in terms of loudness (N) and sharpness (Sh). 

 

Correlation for SDT 2 (Luxury) with a N - Sh combination
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Figure D.21: Correlation for SDT2 (all vehicles) 

 

Correlation for SDT 2 (Luxury) with a N - Sh combination (only LCVs)
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Figure D.22: Correlation for SDT2 (LCVs only) 
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Correlation for SDT 3 (Loudness) with a N - Sh combination 
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Figure D.23: Correlation for SDT3 (all vehicles) 
 
 
 

Correlation for SDT 3 (Loudness) with a N - Sh combination (only LCVs)

R2 = 0.9296

0.000

0.200

0.400

0.600

0.800

1.000

0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900

Subjective ratings

N
ew

 c
o

rr
el

at
io

n

 

Figure D.24: Correlation for SDT3 (LCVs only) 
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D.2. Sample paired comparison consistency check 
  (for all subjects for test condition 3 (TC3)) 

 
 
 
Procedure: 
 

Consistency = 
maksC

C−= 1ξ  

 
Where   C = inconsistent triangles  

   Cmaks = maximum sound triangles  35
!4!3

!7

)!3(!3

! =
⋅

=
−

=
n

n
Cmaks  

 
Note:   Subject 2 and 12 were eliminated before this test due to a repeatability of less  

 than 75% 
 
 
Subject 1 

 

 

Inconsistency found at sound triangle  

V2 – V3 – V4 

 

Therefore C = 1 

The consistency of subject 1 then is:

 

%97974.0
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34

35

1
11 ===−=−=

maksC

Cξ  

 

 
Subject 2 
 
Was eliminated due to non-sufficient repeatability. 
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Subject 3 

 

 
No inconsistency found. 

 

Therefore C = 0 

The consistency of subject 1 therefore is:
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No inconsistency found  

 

Therefore C = 0 
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Subject 6 

 

 
Inconsistency found at sound triangle 

V2 – V6 – V3 

 

Therefore C = 1 

The consistency of subject 1 then is:

 

%97974.0
35

34

35

1
11 ===−=−=

maksC

Cξ  

 

 

Subject 7 

 

 

Inconsistency found at sound triangle  

V3 – V4 – V6 

 

Therefore C = 1 

The consistency of subject 1 then is:  
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Subject 8 

 

 

No inconsistency found 

 

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 



 D - 28 

Subject 9 

 

 
No inconsistency found  

 

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

 

Subject 10 

 

 

No inconsistency found  

 

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

 

Subject 11 

 

 
No inconsistency found  

 

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

 

Subject 12 
 

Was eliminated due to non-sufficient repeatability. 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 



 D - 29 

Subject 13 
 

 

 

No inconsistency found  

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

 

Subject 14 
 

 

No inconsistency found  

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

 

Subject 15 and 16 (These two jurors had identical results) 
 

 

 

No inconsistency found  

Therefore C = 0 

The consistency of subject 1 therefore is:

 

%1001
35

35

35

0
11 ===−=−=

maksC

Cξ  

 

 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 

V 4 

V 5 
V 3 

V 2 

V 1 V 7 

V 6 
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