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Abstract 
Annoyance response to vehicle noise is commonly reported. The impact of noise 

reduction measures must therefore be measured scientifically. A scientific system for 
describing and defining annoyance is therefore required. There is furthermore a need to reduce 
the annoying components of the sound of vehicles. The engine of a vehicle is one of the 
predominant sources of vehicle noise which cause annoyance. The sounds of engines heard 
outside of engines at idling, running and accelerating conditions have been reported to cause 
annoyance throughout the world. 

This smdy of sound quality focuses on noise heard outside vehicles, termed external 
vehicle noise, and which is outside the interior of the car, in free field conditions. The 
objectives of the study are (a) the development of new descriptors and annoyance prediction 
models at idling and running conditions, (b) comparison of several rating methods, (c) testing 
of several recording and reproduction techniques, (d) testing of the long-term repeatability of 
annoyance judgments obtained in tests, and (e) comparison of the combustion process of 
various fuels in terms of annoyance. 

An annoyance prediction model for idling engine sound was developed using 
multivariate analysis on the basis of a new parameter which is termed "Ear Resonance Range". 
Two further psychoacoustic descriptors, loudness and impulsiveness were also defined in the 
model. The sound spectmm which caused least annoyance was obtained by subjective 
adjustments to an idling engine sound. The quality of the sound was validated by subjective 
judgments, by test persons, and by objective measurements. 

An annoyance index for heavy-duty engine noise was developed on the basis of three 
psychoacoustic descriptors: loudness, sharpness, and harmonic ratio. The model was validated 
internally and externally and gave good predictions of annoyance judgment of 6-cylinder in
line engine noise. 

Three rating techniques known as the method of paired comparisons, the method of 
equal-appearing intervals and the method of successive intervals were investigated with respect 
to annoyance judgments of engine noise in free field conditions. The method of successive 
intervals was shown to be useful for annoyance judgments of engine noise for a large number 
of samples. 

The annoyance response to engine sounds recorded by an artificial head did not differ 
significantly from that recorded by an orthostereophonic technique. The variance in annoyance 
response for headphone reproduction was higher than that for loudspeaker reproduction. It was 
found that both recording techniques gave similar predictions of annoyance. Subjects preferred 
loudspeaker reproduction to headphone reproduction. 

There was no significant difference in annoyance judgments between experienced and 
naive listeners. Annoyance judgements of engine noise were shown to be consistent when 
subjects were asked to judge the same stimuli on two occasions 10-20 days apart. 

A comparison of multivariate analysis and neural networks for modeling annoyance of 
engine noise in free field conditions was investigated. Partial Least Squares (PLS) regression 
and Neural Networks were used to develop the annoyance prediction models on the basis of 
loudness, sharpness and harmonic ratio (rumble noise). PLS regression and Neural Networks 
gave similar prediction of annoyance for engine noise but neural networks gave greater 
prediction accuracy than did PLS regression. 

Annoyance judgments of engine sounds in respect to six different fuels were 
investigated by forty subjects. The annoyance judgments were found to be consistent with the 
annoyance index based on loudness, sharpness and harmonic ratio. Engine sounds due to 
ethanol fuel with 9% beraid were rated as least annoying whereas engine sounds due to a 
mixture of diesel and ethanol fuels were rated as most annoying. 

Keywords: Sound Quality, Diesel Engine, Annoyance, Neural Networks, Multivariate 
Analysis, Principal Component Analysis, Partial Least Squares Regression, Repeatability Test, 
Psychoacoustic Descriptors, Recording and Reproduction Techniques, Idling Noise, Heavy-
Duty Engine. 
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1. INTRODUCTION 

In the modern era, significant changes have become apparent in people's thinking 
and values. Greater emphasis is now being placed on the search for spiritual rather 
than material abundance. There has been a shift from quantity to quality and from 
concerns for material things to concerns of the human spirit. These changes have an 
impact on commercial products such as automobiles, household appliances, and 
gardening machinery. In addition to the basic requirements for power, handling, 
economy and quietness, customers are today calling for new values in products. The 
customer is the consumer and end user of these products, and that gives special 
importance to the acoustic performance of the product. 

The research field concerning product noise has traditionally focused on quietness 
as a basic performance requirement. In recent years, especially in the automobile 
industry, there has been strong demand for improved sound quality as a new form of 
added value, in addition to quietness. This has led to extensive efforts to develop the 
technologies for creating pleasing sound qualities and eliminating discordant sounds in 
order to provide sound quality that matches the concept of the particular product. 
Sound quality is defined as the adequacy of a sound in the context of a specific 
technical goal and/or task1. 

In relation to the product, sound quality is defined2 as "a descriptor of the adequacy 
of the sound attached to a product. It results from judgments on the totality of auditory 
characteristics of the said sound, the judgments being performed with reference to the 
set of those desired features of the product which are apparent to the users in their 
actual cognitive and emotional situation". The term "sound", which is often used 
equivocally for both the physical events (the acoustic waves) and the auditory events 
attached to it (the percepts of hearing), is used for the auditory event3. This restricted 
usage becomes more and more common in the field of product-sound-engineering - as 
in sound engineering in general3. 

The value of sound quality is seen in terms of expressions for evaluating noise, 
such as "pleasing exhaust sound", "sporty sound", or "attractive sound". It is no longer 
sufficient merely to reduce noise levels. It is now required that sounds be given certain 
qualities that make them attractive to human perception. Acoustics impressions of 
persons toward product sounds are influenced by many factors. These are, namely, the 
characteristics of a particular sound, product operating environments, individual 
personalities and moods, product designs and even the brand name4. The diversity of 
these complex factors is one reason why universal sound quality evaluation methods 
have yet to be established. 

Evaluation of sound quality requires the use of the appropriate technique for the 
noise to be examined. This is because the key points of the evaluation depend on a 
number of factors. For instance, is the noise to be evaluated as a single sound or a 
combination of sounds? Is it a steady-state sound or a transient one? These factors 
must be carefully considered before choosing a suitable evaluation method. 

One of the most significant factors of sound quality evaluation is annoyance 
judgment. Annoyance is defined, as displeasure caused by noise exposure which is 
believed to affect health or well-being, either by its physical presence, or because of 
implications owing to its presence5. There are several sources of noise that cause 
annoyance one example being traffic noise. The sound of engines at idle power6, 
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running and accelerating conditions have been reported to cause annoyance . Idling 
noise is present when vehicles are loading or unloading goods and also at temporary 
stops while driving. 

Annoyance response to noise has been defined by a variety of psychoacoustic 
descriptors known as loudness, sharpness, impulsiveness, roughness, harmony, and the 
tonal components of the sound7"9. Various attempts have been made to develop 
prediction models of annoyance response on the basis of physical measurements. Al l 
the models could not satisfactorily predict the annoyance response in terms of the 
physical characteristics of that sound. This is because subjective response to noise is 
extremely complex and shows considerable variation both between and within 
different exposed populations10. 

Today, the major objective of noise control regarding such products as automobiles, 
and specifically during engine and vehicle development, is to reduce sound emission 
to meet current and future legislative requirements. These requirements are expressed 
in A-weighted sound pressure levels. The reduction of an A-weighted sound pressure 
level does not necessarily reduce annoyance and does not, therefore, necessarily 
improve the sound quality of engine noise. This is because vehicles emitting noise of 
equal A-weighted sound pressure levels can give different annoyance responses8'11. In 
order to satisfy the demands of customers and residents, a minimization of the 
occurrence and level of annoyance due to vehicle noise is therefore necessary, instead 
of merely reducing A-weighted sound pressure levels. 

Vehicle acoustic performance and noise comfort optimization is a major field 
where sound quality has become an important concept in the design process. Most 
recent published papers have dealt with the perception and characterization of the 
sound quality of the car interior. Only a few efforts have been directed at analyzing the 
annoyance caused by external vehicle noise such as the conditions of idling, running 
and accelerating. External vehicle noise is of importance to the pedestrians and those 
who work or live in the vicinity of a roadway carrying vehicular traffic. Little effort 
has been made to measure the subjective reactions of persons to external vehicle noise 
in the past and this thesis is therefore focuses on this matter. 

1.1. Objectives of the study 

The followings are the objectives of the study: 
i) to develop psychoacoustic descriptors in order to define annoyance responses 

to engine sounds, 
ii) to develop prediction models of annoyance responses for engine sounds at 

idling and running conditions, 
iii) to test various scaling methods for annoyance judgements, 
iv) to test different recording and reproduction techniques for engine sounds in 

free field conditions, 
v) to see whether there is any difference in annoyance responses to engine 

sounds between experienced and naive listeners, 
vi) to test the repeatability of annoyance judgments for engine sounds, 
vii) to evaluate the impact of different types of fuels on annoyance responses due 

to the resulting changes in engine sound character, 
viii) to compare Neural Networks and Multivariate Analysis in predicting 

annoyance responses to engine sounds. 
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2. SOUND QUALITY EVALUATION 

Sound quality evaluation methods are employed in the three main technical fields 
of recording and reproduction techniques, subjective evaluation, and correspondence 
between subjective evaluation and its physical quantities (see Figure 1). Sounds are 
recorded in free-field conditions and thereafter judged in terms of their annoyances. 
These sounds are analyzed with respect to various psychoacoustical variables. 
Multivariate statistical approach or neural networks are applied to model annoyance of 
these sounds corresponding to their psychoacoustical variables. 

IJ. Subjective evaluation 

Speaker 

Recording/ 
reproduction 
technology 

Selection of 
evaluation 
method 

Selection of 
repondents 

Subjective evaluation 

Generation of 
recorded 
sound stimuli 

Physical quantities 
and psychoacoustics 
descriptors 

Statistical 
processing 

/ / / A. Recording/ 
Reproduction 
technology 

IJJ. Correlation between subjective evaluation and 
physical quantities 

Figure 1. Sound quality evaluation methods for external vehicle noise in free field 
conditions. 

2.1. Recording and reproduction techniques 

The human ear has such a keen sense of hearing that it can easily distinguish 
between original and reproduced sounds. This is one reason why sound quality 
evaluations are often carried out in direct listening tests. However, the remarkable 
progress seen in digital audio equipment in recent years has made it possible to use 
this equipment in conducting sound quality evaluations in the laboratory. This is 
possible as long as the measurement method and equipment are carefully chosen to 
match the intended test objective. In a laboratory study it is possible to repeat and 
compare different sound stimuli, but a drawback is that the sound is not reproduced in 
the original environment. The three most common recording techniques are monaural, 
stereophonic1 ' 1 3 and binaural1 4'1 5. The monaural recording technique, such as typical 
acoustical noise recording, has time and frequency content, but provides no directional 
or localizational cues. The stereophonic recording technique provides cues across one 
axis, typically left-to-right for the listener. The binaural recording technique provides 
three axes of localizational cues (left-right, front-back and top-down). 
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Reproduction techniques also vary depending on these three recording techniques. 
The monaural sounds are reproduced through a single loudspeaker whereas the 
stereophonic sounds are presented through a pair of loudspeakers. The binaural 
recorded sounds are usually reproduced by headphones but can be presented through a 
pair of loudspeakers with cross-cancellation systems. The binaural recording technique 
has commonly been used in evaluating interior noise for automobiles. The advantage 
of the stereo-recording is that it is less expensive and reproduces free-field sound 
images well even at low frequencies (< 100 Hz). The disadvantage of this technique is 
that the direction of sound incidence is limited to the frontal hemisphere. On the other 
hand, binaural technique reproduces the sound image more naturally, but the technique 
lacks whole body impact due to low frequencies. 

2.1.1. Stereophonic recording techniques 

The goal for a "true" reproduction of a sound is to achieve a natural listening 
condition. Stereo recording techniques work well in free-field conditions: i.e. when the 
source is in front of the subjects. The benefits of such stereophonic recordings are 
accurate reproduction and calibration of sub frequencies below 60 Hz 1 6 , the stable 
virtual sound image in front of the listener and the fact that most peoples are used to 
stereo listening. Various types of microphones configuration are used for recordings 
stereophonic sounds in laboratory and field studies, namely A-B, X-Y, M-S and OSS 
microphones configuration. 

The mid-side12 (M-S) stereo recording technique gives a more natural spatial 
impression of a sound, especially for sounds of impulsive character than the other 
microphones configuration. This technique is also mono compatible which means that 
the response of the left and right channels are together comparable with a single 
microphone measurement12. 

The orthostereophonic system13 (OSS) technique is similar to binaural recording 
technique. The distance between the two microphones is about the same as between 
the ears. The sound that comes from angles other than frontal incident is shadowed by 
the Jecklin-disc and known as "shadow effects". The OSS technique gives a linear 
response in the case of sound in frontal incident which is not present in dummy head 
recording. The limitation of the OSS technique is that this technique is only useful 
when the sound source is balanced and the proper acoustical environment is present13. 

2.1.2. Binaural recording technique 

The advantage of the binaural technique is to produce hearing stimuli with the same 
quality as that of a real life situation with respect to: the direction of sound incidence, 
distance of the sound source, tone of the sound and other perceived sound qualities15. 
Even though binaural technique is the closest to human hearing it has a fundamental 
problem which is the poor ability of the technique to situate the sound source in a 
correct frontal localization, i.e. the sound source in the frontal hemisphere is perceived 
to be located behind the listener. One explanation of this drawback is that human head 
and pinnae vary form one individual to another. Recording merely with the listener's 
own pinnae may therefore guarantee proper frontal localization17. However, a 
comparative study of different dummy heads available on the market shows a direct 
measurement on the blocked ear canal of an arbitrary person gives a better ability to 
localize the source than any of the dummy heads14. On the basis of this result, 
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extensive improvement of dummy heads in the near future can be expected. Another 
approach to dummy head recording is to use real human beings and to insert the 
microphone capsules at the entrance of blocked ear canals. Such recording may give 
better localization than the artificial head recording but such a result is yet to be 
proved1 8. This technique is also useful for recordings during operating conditions. 

2.1.3. Reproduction techniques 

Binaural sounds are usually reproduced by headphones in order to reproduce the 
right signal to the right ear and the left signal to the left ear. Loudspeaker reproduction 
of binaural signals requires extensive signal processing to cancel the crosstalk between 
the loudspeakers. The advantages of loudspeaker reproduction are that it gives the 
natural feelings of the listening environment that is virtually absent in case of the 
headphone reproduction technique and also gives better reproduction of sound at low 
frequencies (<100 Hz). However, headphone reproduction could be improved using 
subwoofers to create the body impact of sound at low frequencies. 

Attempts to conduct evaluations using binaural recording and reproduction 
techniques are increasing continuously and are producing useful result4. In free field 
conditions, however, stereophonic recordings might also be useful. A comparative 
study between OSS and binaural recordings showed no significant difference in 
annoyance judgments for diesel engine sounds'9. The study also showed that the 
variability in annoyance judgments was higher for binaurally reproduced sounds than 
for loudspeaker reproduced sounds19'20. 

2.2. Subjective evaluation techniques 

Subjective evaluation techniques include the appropriate choice of scaling method 
for subjective judgments and the reliability of the judgments. 

2.2.1. Scaling technique 

The semantic difference method and multidimensional scaling method are 
frequently employed as empirical techniques for evaluating the characteristics of a 
sound. The study focuses on several multidimensional scales for evaluating subjective 
annoyance response such as the method of paired comparison, the method of equal-
appearing intervals and the method of successive intervals. 

The methodology of paired comparisons involves repeatedly presenting pairs of 
stimuli, one pair at a time, and asking for a judgment with respect to which stimulus of 
the pair is more annoying than the other or if they are equal in annoyance. In an 
analysis of paired-comparison data, the scores for each judge are first combined in a 
single table. Each cell in the table contains the total number of scores given by all 
judges 2 1 ' 2 2. The scores in each cell then are expressed as a fraction of the maximum 
possible score that could be given by all judges. The normalized scores in the cells in a 
column are summed and then divided by the number of total stimuli to obtain the 
stimulus rating on the scale. The classical paired comparison method is based on a 
forced choice where subjects are not allowed to give equal scores for both stimuli 2 1" 2 3. 
For this study, a rating scale with linearly spaced markings ranging from 0 to 10 was 
included in the paired comparison data to provide freedom for the judgments and 
thereby widen the range of variability of judgments between subjects11'24. 
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The method of paired comparisons requires subjects to make n(n-l)/2 comparative 
judgements where n is the number of stimuli. The main drawback of the paired 
comparisons method is to obtain reliable judgments from the subjects for a large 
number of stimuli 2 5. A solution to this problem is to use a scaling method that requires 
each subject to make only one judgement for each stimulus, applying, for example, the 
method of equal-appearing intervals or the method of successive intervals2 6 , 2 7. 

The method of equal-appearing intervals or the method of successive intervals 
requires each subject to judge the feelings of annoyance caused by each stimulus on a 
rating scale. Two extreme intervals are described as "not at all annoying" and as "very 
much annoying" whereas the middle interval is described as "moderately annoying", 
see Figure 2. The advantage of these two rating methods is that the scale values of the 
stimuli are based on independent judgments of the subjects26'27. The fundamental 
difference between the method of equal-appearing intervals and the method of 
successive intervals is that, the former one has equal intervals and the latter one has 
unequal intervals. The disadvantage of the method of equal-appearing intervals is that 
the scale values at the two extremes are not linearly related to the scale values 
obtained by the method of paired comparisons. 

The data yielded by the method of successive intervals was found to be as valid as 
the data obtained by the method of paired comparisons26"28. The scale values obtained 
by the method of successive intervals have been found to be linearly related to those 
obtained by the method of paired comparisons27"29. The method of successive intervals 
provides the possibility of detecting differences among items which are most 
frequently assigned to the extremes28'30. The method is also suited for the analysis of 
absolute judgements when they are peculiarly distributed over the scale. The method 
of successive intervals stretches or pulls out the two extreme and gives an unequal 
interval scale2 6 , 2 7. 

\ 

1 2 3 4 5 6 7 
not at all moderately very much 
annoying annoying annoying 

Figure 2. Equally spaced seven-point scale for annoyance judgment. 

2.2.2. Reliability of Judgments 

Impression of a sound is greatly influenced by the personality of the listener. When 
selecting respondents for evaluation tests, suitable people should be recruited from the 
population segment that matches the target customers for the planned product. Ten to 
thirty people are usually selected for sound quality evaluations of automobile noise4. 
Agreement in annoyance judgments was found higher for experienced and naive 
listeners in the case of the method of paired comparisons whereas higher agreement 
was observed only for experienced listeners in the case of the methods of successive 
and equal-appearing intervals31. There was no significant difference in annoyance 
judgments between experienced and naive listeners32. The consistency of annoyance 
judgements for engine sounds were shown to be similar when subjects were asked to 
judge the same stimuli on two occasions with a pause of 10-20 days between the 
occasions32. 
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2.3. Correlation between subjective evaluation and physical quantities 

In daily life, humans are exposed to various sounds and the evaluation of sound 
events are influenced by many parameters33, as shown in Figure 3. The figure shows 
that a sound event cannot be evaluated on the strength of a single parameter but can be 
evaluated on the strength of a combination of several parameters. These parameters are 
basically of two kinds: subjective (psychological) and objective (physical and 
psychoacoustic). Subjective parameters and their relationships with objective 
parameters can only be defined in terms of statistics. It is difficult in practice to derive 
an objective parameter from subjective parameters which underlines the necessity of 
developing better objective parameters33. Such descriptors will ensure that the 
complaints that noise is not ascribed to any subjective components and objective 
annoyance factors in noise can thereby be identified. The study employed multivariate 
analysis and neural networks in modeling annoyance as a function of psychoacoustic 
parameters. 

Level 

Signal 
Information ^ 

Subjective 
. Attitude 

Duration 

Classification of 
Sound Event 

f Spatial 
Distribution 

Spectral 
Contribution 

[ Temporal 
Structure 

Quality 

Figure 3. Parameters of importance for classification of a sound . 

2.3.1. Multivariate Analysis 

With the continued spread of computers, multivariate analysis34 has undergone 
rapid development and also become a common technique for evaluation of automobile 
noise. The method utilizes principal component analysis (PCA) and partial least 
squares (PLS) regression to obtain prediction models for annoyance response. The 
main advantages of the PCA and PLS methods over the multiple linear regression 
method are that they can handle correlated data and that they can provide valuable 
insights into the inter-relationships between psychoacoustical variables and sound 
stimuli. 

PCA and PLS regression result in a decomposition of the original data into a 
number of orthogonal components. These components explain all significant variance 
in the data. The first component explains the maximum variance. I f this component is 
statistically significant, a second component orthogonal to the first is calculated. I f this 
component is also significant, a third component orthogonal to both the first and 
second is calculated and the procedure is repeated until all systematic variation in data 
is explained35. Cross-validation36 is used to establish significance during the course of 
model development. 

For graphical evaluation of data using PCA and PLS, primarily score and loading 
plots are inspected. The score plot reveals the main pattern or the contribution of the 
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objects (sound stimuli) in the data set. The loading plot shows the main relationships 
between variables (psychoacoustic descriptors), as estimated from the data set. 
Redundancy and close relationships among the variables are shown when the loadings 
for a group of variables are all about the same. Plots of loadings and scores for PCA 
and PLS visualize inter-relationships and validates or corrects prior knowledge by 
revealing noise in the data. 

2.3.2. Neural Networks 

Another approach to modeling annoyance for product sounds is the use of neural 
networks. Neural networks provide an effective technique for developing non-linear 
algorithms with more efficient methods of error minimization than other non-linear 
techniques37. The idea behind the neural networks model originate from the neuron of 
the human brain and is based on our present understanding of biological neural 
systems. Neural networks models have made a great impact in many research areas 
such as speech and image pattern recognition and system control and prediction. 

There are several types of neural networks. The feed forward neural networks (back 
propagation algorithm)3 8'3 9, which is the most widely used in the industry and for 
vehicle sounds, is a kind of multilayer network, made up of several interconnected 
processing neurons or elements as illustrated in Figure 4. 

input hidden output output 
layer layer layer vector 

Figure 4. A diagram showing the general architecture of a 3-layer back propagation 
network with five elements in the input layer, three neurons in the hidden layer and 
two neurons in the output layer. Each neuron in the hidden layer and output layers 
receives weighted signals from each neuron in the previous layer. 

A back propagation algorithm is a multilayer perception and usually consists of at 
least three hierarchical layers of neurons: one input layer, one or more hidden layers 
and one output layer. The network is connected such a way that each layer is fully 
connected to the next layer. In other words, every neuron in the input layer wi l l send 
its output to every neuron in the output layer. The number of neurons in the input layer 
is equal to the number of variables in the input data. The number of neurons in the 
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output layer is the same as the number of output variables. The number of the neurons 
in the hidden layers can be varied based on the complexity of the problem and the size 
of the input information38. 

Neural network models are developed by the network structure, neuron 
characteristics and training rules. Both design procedures and training rules are very 
important3 8'3 9. The characteristics of a neuron, of scalar input p, is transmitted through 
a connection that multiplies its strength by the scalar weight w, to form the product 
w*p, again a scalar (see Figure 5). Here, the weighted input is the only argument of the 
transfer function F, which produces the scalar output a. The neuron on the right has a 
scalar bias, b. The bias is much like a weight, except that it has a constant input of 1. 
The transfer function net input n, again a scalar, is the sum of the weighted input w*p 
and the bias b. This sum is the argument of the transfer function F. The transfer 
function F is a sigmoid, hardlim or purely linear. Weight and bias are both adjustable 
scalar parameters of the neurons. The central idea of neural networks is that these 
parameters can be adjusted so that the network exhibits the desired output. 

Input Neuron without bias Input Neuron with bias 

/ \ ( / \ ( > 

w P+- w n 17 
L r 

a = F (w x p) a = F fw xp + b) 

J 

Figure 5. Diagram showing the characteristic of a single neuron in a back 
propagation network. The incoming signal (p) is multiplied by the weights of the 
connection (w) and summed. The bias is then added and the resulting sum is filtered 
through a transfer function either sigmoid, hardlim or purely linear function, to 
produce output of the neuron (a). This is then sent to the next layer, or in the case of 
the last layer it represents the output of the signals. 

The importance of neural networks is that they offer a very powerful and very 
general framework for representing non-linear mappings from several input variables 
to several output variables, where the form of the mapping is governed by a number of 
adjustable parameters. The process of determining the values for these parameters on 
the basis of the data set is called learning or training, and for this reason the data set of 
examples is generally referred to as a training set3S. 

Neural networks leam by adjustments of the weights of the various connections. 
The goal of the learning is to minimize the average squared error between the desired 
outputs (target values or vectors) and the actual outputs of the network. The error 
minimization is done by the Least-Mean-Square Algorithm 3 9. 

The success of the prediction for a given data set is best estimated by using cross-
validation technique40,41. In this case, some portion of the data set is used to generate 
the prediction (the training set) and this prediction is able to reproduce the remaining 
portion of the data set (the test set). 
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2.3.3. Physical quantities and psychoacoustics descriptors 

Psychoacoustics is defined as "the science which deals with the relationship 
between parameters of acoustic waves and attributes of auditory events"42. Thus, as a 
result of psychoacoustics research, a number of so-called psychoacoustic quantities 
have been developed. Based on the relationship between those quantities and 
parameters of the acoustic waves methods for the calculation of psychoacoustics 
descriptors have been proposed by many researchers. 

The human ear has a highly sensitive measuring system but only a limited long-
term memory. This means that when a human being has heard a sound which was 
experienced as unpleasant and annoying, such feelings of unpleasantness and 
annoyance will continue even though the noise is reduced by 2 or 3 dB or more3 3. 
Therefore, attempts to develop aurally-equivalent sound measurement are under way 
within research since most of the discovered descriptors are based on single (one 
channel) measurement. A sound impression is not only determined by the sound 
pressure level, but also by psychoacoustics parameters such as loudness, sharpness, 
and tonal components. Thus aurally-equivalent sound measurement technique is 
expected to give better representation of a sound from the perspective of human 
sensations. 

Most methods used to estimate the human perception of sounds include amplitude 
and frequency measurements that are related to the human scale of loudness and the 
pitch of pure tones43. However current standard measures, such as LP(A), do not 
correlate well with the human perception of complex sounds44. In addition to the 
perception of loudness and pitch, sounds can be viewed as possessing a certain quality 
or pleasantness. These other dimension of noise perception include properties of the 
temporal characteristics of the noise4 5'4 6. By understanding what causes a sound to be 
unpleasant, it may be possible to change the character of the sounds and make them 
more pleasing to listen to. Furthermore, it may be possible to develop environmental 
noise measurements that are more correlated to how humans perceive sounds. These 
measurements could be used to select a machine design, product design, highway plan, 
airport development or vehicle design that would produce a more pleasant or 
acceptable noise environment for the human population47. 

There is an urgent need to develop techniques for determining the physical 
quantities of sounds more quickly. Such techniques wil l play a major role in the 
development of technologies for incorporating the desired sound quality into a 
product. The perception of vehicle engine noise for example encompasses several 
dimensions that are mutually orthogonal. Subjective assessment of a sound can be 
related to several psychological sensations as shown in Table 1. Human subjects can 
assess sound by these dimensions. There is therefore a need to identify these 
dimensions by physical measures for assessing the sound quality of products. 
Important dimensions are loudness, sharpness, impulsiveness, and tonal components 
of the sounds7"9. These parameters are based on the measurements of sound pressure 
oscillations, normally expressed in logarithmic units which are more representative of 
the hearing sensation. The reason for this is that the auditory system is non-linear and 
covers a huge dynamic range and can distinguish between sound intensities from 1 to 
10"12 W/m2. 

In order to estimate the various psychoacoustic descriptors in Table 2, all 
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Stereophonie recordings are measured by a single B&K 4133, 12.7-mm-diam 
microphone at the listening position, but with the subject not present. Al l stereo 
signals were presented by a pair of loudspeakers in an anechoic room. The listening 
position was same for all subjects. The response of the loudspeakers at the listening 
position was varied ±2dB from 20 Hz to 20kHz. 

TABLE 1 - Dependence of subjective qualities of sound on physical parameters. 

Subjective Quality 

Physical Parameter Loudness Pitch Timbre Duration 

Pressure +++ + + + 

Frequency + +++ + + 

Spectrum + + +++ + 

Duration + + + +++ 

Envelop + + ++ + 

TABLE 2 - Various psychoacoustic descriptors considered for assessing the 
annoyance response of the engine sounds. 

Measure Descriptors Unit Abbreviation 

Sound level A-weighted (dB) A 
B-weighted (dB) B 
C-weighted (dB) C 
D-weighted (dB) D 
Rat response (dB) F 

Loudness ISO 532B (sone) N 

Sharpness Sharpness based on loudness (bark) SB 
Sharpness (acum) SA 

Roughness Avg. Modulation from 80 Hz to 5.7 kHz (smod) RS 
Based on modulation frequency from (asper) RA 
15 to 300 Hz and modulation depth 
including masking effects 

Fluctuation Based on modulation frequency from (vacil) FS 
Strength 4 to 20 Hz and masking depth of the 

temporal masking pattern 

Impulsiveness Kurtosis K 

Periodicity Based on the fundamental firing 
frequency 

(Hz) P 

Harmonic Summation of all narrow-band, mean-square (dB) SO 
content sound pressures from the 1st to the 61st odd 

harmonics of engine firing frequency 
Rumble Average level of (n± 1/2) harmonic ratio (dB) HR 
noise of the 1 s t to 60* harmonics, see Eq. 7 

Muddiness Average level of (3n±l) harmonics 
of the 3rd to 56 t h harmonics, see Eq. 8 

(dB) H M 

Ear Resonance Summation of the sound-pressures in the (dB) ER 
Range four critical bands from (2.3 to 4.3 kHz) 
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TABLE 2 - (Continued.) 

Measure Descriptor Unit Abbreviation 

Composite Rat Based on the dBA, spectral balance and CR 
ing Preference high frequency factor 

Speech Interf Arithmetic average of four octave-band (dB) SL 
erence Level levels from 0.5 to 4 kHz 

The psychoacoustic descriptors are evaluated either by post processing of the 
acoustical signals recorded by a Leuven Measurement Systems CADA-X Fast-
Fourier-Transform spectrum analyzer (LMS) or by a real time third-octave band 
analyzer (B&K 2123). The binaural recorded sounds are directly fed to LMS and B & K 
analyzer. Al l descriptors are estimated for both channels (left and right ears). Some of 
the most commonly used psychoacoustic descriptors for describing annoyance 
response are explained in the following sections. 

A. Loudness 

This criterion is usually measured according to ISO 532B48, see Figure 6. The 
procedure is based on the distribution of the third-octave band spectrum including 
masking effects and tonal components of the sound. The level of each third-octave 
band is transformed into parts of an area that correspond to parts of loudness. Al l these 
levels represent a closed area which is summated and then transformed into a rectangle 
of the same area. The height of the rectangle gives directly the loudness level of the 
spectrum in sone or phon. Since critical band filters are rarely available, the third-
octave band filters are therefore used for loudness estimation. An approximation of 
critical bands by third-octave bands is only acceptable for frequencies above 300 Hz. 
For frequencies lower than 300 Hz, third-octave bands are too small in relation to the 
critical bands and two or three third-octave bands are therefore added in order to 
approximate critical bands. This is the case for the two third-octave bands between 
180 and 280 Hz and for the three third-octave bands between 90 and 180 Hz and 
between 45 and 90 Hz. 

Another approach to the loudness model is based on the estimation of specific 
loudness in critical bands9. The fundamental assumption of this model is that loudness 
is not produced from spectral lines or from the spectral distribution of the sound 
directly, but the total loudness is the sum of the values for specific loudness that are 
produced at different critical-band rates. Specific loudness is a loudness distribution as 
a function of critical-band rates. This loudness distribution although related to the 
spectral distribution of the sound, takes into account the non-linear relationship 
between excitation and specific loudness and the non-ideal frequency selectivity of the 
human ear, expressed in critical bands and in the slopes found in masking patterns. 
The unit for specific loudness is sone/bark. The specific loudness (N') is determined 
by: 

^0.23 

-11 N ' = 0.08 
E TQ 

~e7 

E 
0.5+ — 

Etq 
(1) 

where, £ t q is the excitation level at threshold in quiet conditions within the critical-
band and Eq is the excitation value that corresponds to the reference intensity I0 = 10"12 

W/m2. E is the intensity level of that critical-band. 
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B. Sharpness 

This criterion is defined for the pleasantness of a sound and is related to the overall 
spectral envelope. The criterion allows classifying sounds as "shrill" ("sharp") or 
"dull". The sensation of sharpness is strongly related to the spectral content and center 
frequency of narrow-band sounds. It is not dependent on loudness level and the 
detailed spectral content of the sound. The unit for sharpness is the acum. A reference 
sharpness of 1 acum corresponds to a narrow-band noise of 60 dB at a center of 1 kHz 
critical-band. The most commonly used procedure for estimating sharpness was 
proposed by von Bismark4 9. 

J-24SOJ* 

„ N'g(z)zdz 
o = u . n - 2 — — (2) 

f N'dz Jo 

N ' = specific loudness within the critical-band 

g(z) = a weighting factor dependent on the band rate. The weighting factor 1 is 
assigned up to 16 bark and then it rises exponentially 0.066e°' 1 7 1 z up to the 
value 4 at 24 bark 

z = critical-band rate scale (bark). 

Another approach of sharpness9 of a sound is determined from the centroid position 
of the spectral distribution based on its loudness in the "Zwicker spectrum" (see 
Figure 6). The unit of this sharpness is "baric". 

C. Fluctuation Strength 

The hearing sensation of fluctuation strength is produced at low modulation 
frequencies up to a modulation frequency of about 20 Hz. This sensation reaches a 
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maximum at modulation frequency near 4 Hz and decreases for higher modulation 
frequencies9. The unit for fluctuation strength is called the vacil. A reference sound of 
1 vacil corresponds to a 1 kHz tone of 60 dB with a 100% amplitude modulation of 4 
Hz. For amplitude or frequency modulated tones, fluctuation strength is approximated 
by integrating the temporal masking depth, along the critical-band rate9, see also 
Figure 7. • 

0.008 f ALdz 
(3) F=-

f m 

4/o 

4/p_ 

/mod 

where, 
A L = depth of the temporal masking pattem 

/mod = modulation frequency 
f 0 = 1Hz 

time 

Figure 7. Model of fluctuation strength9: temporal masking pattern of sinusoidally 
amplitude modulated masker leading to the temporal masking depth AL. 

D. Roughness 

The hearing sensation of roughness is produced at higher modulation frequencies 
from 15 Hz to 300 Hz. The sensation reaches its maximum near modulation frequency 
of 70 Hz and decreases at higher modulation frequencies9. Three parameters are 
important in determining roughness. For amplitude modulation the important 
parameters are the degree of modulation and modulation frequency. For frequency 
modulation it is the frequency modulation index and modulation frequency. 
Roughness measured in asper is determined by the partial roughness in each critical 
band based on modulation frequency and depth including masking effects, åLdz)dz • 
Using the boundary condition that a 1 kHz tone at 70 Hz for 60dB and 100% 
amplitude modulated, produces the roughness 1 asper, an approximate calculation of 
the roughness R of any sound is carried out using the following equation, 

o ALE(z)dz W 

where, 
A L E = temporal masking depth on the critical-band rate 
/mod = modulation frequency 
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Another approach to the determining of roughness is based on FFT measurements7. 
In this case, roughness is determined from the mean degree of amplitude modulation 
of the sound in each of six octave bands with center frequencies between 125 Hz to 4 
kHz. The temporal sound pressure envelope within these octave-bands is estimated by 
means of a Hilbert transformation of the band limited narrow-band spectra. The 
envelope function for each of the octave-band signals is then transformed back to the 
frequency domain where it is corrected according to the sensitivity response of 
amplitude modulated tones50. Finally, roughness expressed in smod is calculated by 
calculating the sum of each corrected modulated spectra normalized by the original 
octave-band sound pressure levels. 

E. Impulsiveness 

Impulsive sounds can be very annoying, even if their total energy is limited. This 
criterion is a measure of the amplitude and number of sound pressure peaks based 
upon an amplitude probability analysis. Several quantitative methods designed to 
measure impulsiveness have been proposed51"53. The classical measures of the 
impulsiveness of sounds are the crest factor and Kurtosis. The Kurtosis51 (/?) of a 
distribution is calculated by using the fourth and the second moments of the amplitude, 
given in equation 5. Equation 6 shows the logarithmic value of Kurtosis, expressed as 
KL. 

n M = f j p \ t ) d t , m 2 = f j p 2 ( t ) d t . ? > = T ^ (5) 

where, 

p = instantaneous sound pressure, 
T = time 

KL = 5 log 

F. Periodicity 

ß 

V 3 7 

(6) 

This criterion applies particularly to a comparative assessment of different types of 
engines. Periodicity is determined by cepstral analysis of a high-resolution Fourier 
spectrum of the sound pressure signal, in which harmonic frequency components 
result from the combustion cycle7. In this study, periodicity is determined on the basis 
of the individual cylinder firing frequency of the engine. 

G. Harmonic measures 

Rumble noise54 is characterized by three adjacent harmonic components spaced at 
intervals of 0.5 engine revolution harmonics. The rumble noise is perceived when the 
levels of (n± 1/2) harmonics are within 3 - 5 dB of that of the n* (full-order) harmonic 
in a frequency range between 200 and 500 Hz. In this study, a harmonic ratio 
characterizing rumble noise was determined by the average difference between the nth 

ionics up and («±l/2) t h harmonics up to the 60 t h harmonic. 
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where, n is the harmonic numbers related to the revolution frequency (lst-order); P2 

is the mean squared narrow-band sound pressure for a specific harmonic component. 

A harmonic ratio characterizing muddiness54 was determined by the average 
difference between the 3 r d order (3„) and 3„± 1 harmonics up to the 56* harmonic: 

V3n=! 3n J 

where, 3„ is the third order harmonic number in relation to the revolution 
frequency; P2 is the mean squared narrow-band sound pressure for a specific harmonic 
component. 

2.3.4. Annoyance index 

Researchers have attempted to develop prediction models for annoyance responses 
to traffic or engine noise but their uses are limited. Zwicker and Fasti9 developed an 
annoyance index for traffic noise which is known as unbiased annoyance (UBA). The 
unit for UBA is au. The UBA model is based on loudness (Nio), sharpness (s) and 
fluctuation strength (f). 

UBA = d 
N 

10 
, sonej 

& + * + / ] 
(9) 

where, Nio is the value of loudness that exceeds 10% of the time and d is the 
factor that corresponds the measurement that is taken during day or night time. 

Sciffbänker 9 and his associates developed annoyance index for engine noise on the 
basis of loudness, sharpness, impulsiveness and periodicity. 

An annoyance index5 5 for heavy-duty engine noise was developed on the basis of 
loudness, sharpness and harmonic ratio (rumble noise). 

AI = -6.0022+ 0.06565 Xx + 3.8587 X2 + 0.0158 X3 (10) 

where, AI = annoyance index; Xi - total loudness in sone; X2 = sharpness in acum; 
X3 = harmonic ratio in dB (rumble noise). 

3. CONCLUSIONS 

The study of sound quality for external vehicle noise in free field conditions 
focused on the development of new descriptors and annoyance prediction models at 
idling and running conditions, comparing various rating methods, testing different 
recording and reproduction techniques, testing long-term repeatability of annoyance 
judgments and comparing the combustion process of various fuels in terms of 
annoyance. 

Annoyance prediction models for idling engine sounds were developed using 
multiple linear regression (PAPER A) and multivariate analysis (PAPER B). Multiple 
linear regression utilized loudness, sharpness, impulsiveness and an interaction 
between loudness and roughness for modeling annoyance of idling engine sounds. The 
model was, however, simplified by multivariate analysis and a more pleasant spectrum 
was found by subjective adjustments and was validated by subjective judgments and 
objective measurements. 
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Multivariate analysis utilized Principal Component Analysis and Partial Least 
Squares Regression for modeling annoyance of idling engine sounds (PAPER B). A 
new descriptor, "Ear Resonance Range", was discovered as a result of employing 
these analysis methods. The prediction model was developed on the basis of this new 
parameter along with two other psychoacoustic descriptors, namely, loudness and 
impulsiveness. 

Various rating methods were compared between experienced and naive listeners 
(PAPER C). Three different rating methods were considered known as the method of 
paired comparison, the method of equal-appearing intervals and the method of 
successive intervals. The method of paired comparisons was shown to be useful for 
both experienced and naive listeners. The method of successive intervals was also 
shown to be useful especially for the experienced listeners. This method is less time 
consuming and more efficient in the prediction of annoyance judgments in the case of 
experienced listeners. 

An annoyance index for heavy-duty diesel engine noise in free field conditions was 
developed (PAPER D). Judgments of annoyance caused by engine noises were made 
by 160 subjects in five separate listening tests. Annoyance scores for each test were 
linearly transformed using multivariate analysis in order to include all five separate 
tests into a common scale. Multivariate analysis was applied to quantify the annoyance 
response to engine sounds using Principal Component Analysis and Partial Least 
Squares regression. The prediction model was developed on the basis of three 
psychoacoustic descriptors: loudness, sharpness, and harmonic ratio (rumble noise). 

A comparison between artificial head and stereophonic recordings for engine noise 
was investigated (PAPER E). An equal number of experienced and inexperienced 
subjects judged the annoyance of engine sounds. The annoyance response to engine 
sounds did not differ significantly with respect to the different recording techniques. 
The variance in annoyance response for headphone reproduction was higher than that 
for loudspeaker reproduction. This indicated that there was higher consistency in 
annoyance judgments with respect to loudspeaker reproduction than there was with 
respect to headphone reproduction. It was found that both recording techniques gave 
similar predictions of annoyance. Subjects preferred loudspeaker reproduction to 
headphone reproduction. 

A study of long-term repeatability of annoyance judgments with respect to engine 
sounds was performed in two listening sessions (PAPER F). Both experienced and 
inexperienced subjects gave annoyance judgments in both sessions. There were 10 and 
20 days between the two sessions. The annoyance response to engine sounds observed 
in the first session did not differ significantly from that observed in the second session. 
There was no significant difference in annoyance judgments between experienced and 
inexperienced subjects. Annoyance ratings were higher for inexperienced listeners 
than for experienced listeners. The variance in annoyance judgments was higher with 
respect to the first listening session than with respect to the second session. This 
indicated that there developed a higher consistency in annoyance assessments as a 
result of practice. 

A comparison of multivariate analysis and neural networks for modeling annoyance 
of engine sounds was investigated (PAPER G). Principal component Analysis (PCA) 
was employed to 27 descriptors in order to visualize the redundant variables which 
were thereby removed for further analysis. PCA showed three significant descriptors 
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such as loudness, sharpness and hamionic ratio (rumble noise) in describing 
annoyance response to engine sounds. Partial Least Squares (PLS) regression and 
Neural Networks were used to develop the annoyance prediction models on the basis 
of these three descriptors. PLS regression and Neural Networks gave similar 
predictions of annoyance for engine noise. However, the prediction accuracy was 
higher for neural networks than for PLS regression. 

Annoyance judgments to engine sounds with respect to various types of fuels were 
investigated by forty subjects (PAPER H). An equal number of males and females 
were participated in the listening test. Thirty sounds were randomly presented to the 
subjects through a pair of loudspeakers. The listening test was conducted using a 
sequential rating method known as the method of successive intervals. The annoyance 
judgments were found to be consistent with the annoyance index based on loudness, 
sharpness and harmonic ratio. Engine sounds due to ethanol fuel with 9% beraid were 
rated as least annoying whereas engine sounds due to a mixture of diesel and ethanol 
fuels were rated as most annoying. 

Future research includes the following objectives: 

• To develop an annoyance prediction model for traffic noise using neural networks 
and multivariate analysis. 

• To consider the continuous development of an annoyance index for heavy-duty 
engine noise. 
To develop binaural descriptors in order to define annoyance responses. 

• To validate the annoyance model on other types and brands of engines. 
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Subjective annoyance response to diesel engine sound during idling conditions was evaluated by 
80 participants. Eight different sound spectra were presented to the participants at a constant level 
of 80 dB(A) in a paired comparison procedure. Stereo-recorded sound stimuli were played back 
through a pair of loudspeakers in an anechoic room. Four objective parameters of loudness, 
sharpness, impulsiveness, and roughness were found to be the determining factors that cause 
subjective annoyance. An annoyance prediction model for the test stimuli of an idling diesel 
engine was developed on the basis of these factors. The objective parameters and their interac
tions have a significant effect on the annoyance prediction model. The spectral distribution 
indicated by test participants to be pleasant can be used as a basis for appropriate modification 
of engine sound. A single microphone measurement in free field conditions can be used to 
estimate objective parameters for defining the cause of annoyance. 

subjective annoyance diesel engine sound 

1. I N T R O D U C T I O N 

Road traffic noise is one of the primary sources of environmental noise both day and night, 
and current conditions are considered unacceptable by a large number of residents (Björkman, 
1989). One of the most significant effects of environmental noise pollution in our society is the 
annoyance reaction. The effects of noise on human health and the assessment of annoyance 
due to engine sound have been reported in many studies (Bastenier, Klosterkoetter, & Large, 
1975; Björkman, 1989; Maurin & Lambert, 1990; Schiffbänker, Brandl, & Thien, 1991). From 
previous studies, it is apparent that there is no agreed procedure for predicting the subjective 
annoyance response to an engine sound on the basis of objective measurements. This is 
because practical rating procedures rely on a large element of subjectivity, which is undesirable 
for equitable regulation and control (Ikeda & Flindell, 1993). On the other hand, most methods 
used to estimate human perception of sounds include amplitude and frequency measures that 
are related to human scales of loudness and pitch of pure tones (American National Standard 
Institute [ANSI], 1973, as cited in Laux, Davies, & Long, 1993), The current standard measure 
Lp(A) does not correlate well with human perception of complex sounds (Heilrnan & 
Zwicker, 1987). 

Human response to a sound event is influenced by many factors, such as the level, spectral 
composition and time structure of a signal, duration, and subjective attitude. Parameters that 
describe annoyance response of listeners to engine sound are, for example, loudness, sharpness, 
roughness, impulsiveness, irregularity, periodicity, harmony, and tonal components of sounds 
(Russell, Sekowski, & Nikokiroulis, 1992; Schiffbänker et a l , 1991). Researchers have at
tempted to develop an annoyance prediction model that quantifies all these factors on the 
basis of objective measurement. None of the models is used as a single criterion to describe 
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the relationship between noise and annoyance. Because sound is a complex phenomenon, it 
cannot be described by a simple sound level value. Most of the research has been carried out 
to investigate the annoyance reaction to internal vehicle (cabin) sound, and only a few efforts 
have been directed towards reaction to external vehicle sound. Idling sound is common when 
vehicles are loading or unloading goods, or transporting. Several investigations have reported 
this to be the sound that people find most annoying (Russell & Macaulay, 1989). This study 
investigates the external vehicle sound in front of the engine during idling conditions. A stereo 
recording technique in free field conditions was used. The study has the following objectives: 

1. to develop a prediction model of the subjective annoyance response during idling; 
2. to determine the factors that describe annoyance; 
3. to determine the degree of annoyance caused by various spectral distributions; and 
4. to see whether there is any difference in annoyance response between male and female 

participants. 

2. E X P E R I M E N T A L M E T H O D S 

2.1. Participants 

A total of 80 participants was used for the subjective evaluations, comprising 40 males with an 
age range of 20 to 55 years and a mean age of 27.3 years (SD = 7.3), and 40 females with an 
age range of 19 to 57 years and a mean age of 25.3 years (SD = 7.8). Most of the participants 
were students, chosen randomly from the University of Luleå, as well as staff members. Al l 
participants were given a hearing test to confirm that their hearing threshold levels were below 
20 dB at all octave bands up to 8 kHz. 

2.2. Sound Stimuli 

Sound was recorded on a tape recorder (Nagra IV-SJ 6964) from a 6-cylinder (in-line) 9-liter 
diesel engine for trucks and buses. The recording was made at a constant speed of 611 rpm in 
free field conditions during hot and cold idling states. The recording was made with two 
microphones (B&K 4165) at a distance of 1 m from the center of the engine in a hemi-anechoic 
room. The two microphones were placed 1 m apart, and the height of the microphones was 1 
m from the floor. The recorded sound was then analyzed in time and frequency domains in 
order to obtain a representation of engine sound parameters that describe the cause of 
annoyance response. The experimental setup is shown in Figure 1. 

The recorded engine sound was manipulated by a one-third-octave band equalizer to create 
different types of sound stimuli. Manipulated sound stimuli were created on the basis of 
harmonic content, sound pressure variations in low and high frequency, roughness, and impul
siveness. The reason for manipulating the original sound was to find the relationship between 
the various psychoacoustic parameters and the different characters of the sound. The maxi
mum range of manipulation in each of the one-third-octave band frequencies was ± 12 dB and 
was equal for both channels. A total of eight different sound stimuli, both manipulated as well 
as original, were re-recorded on a digital audio tape recorder. The recorded stimuli were 
presented to the participants at a constant level of 80 dB (A) in a randomized paired compari
son procedure (Bristow & Johansson, 1984), either in AB or BA sequence. 

2.3. Pilot Study 

A total of 28 pairs in two halves, that is, 14 pairs in each half, were presented on two occasions 
(on 2 days) to each participant. The time, anechoic environment, and other extraneous vari
ables were kept constant on both occasions. A pilot study was carried out on 4 experimental 
participants to see the effect of presenting 28 pairs at the same time and also of presenting 14 
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Figure 1. Experimental setup for the investigation. 

pairs each on two occasions. A l l the participants stated that presenting 28 pairs of sound stimuli 
at the same time made them unable to concentrate on their judgments at the end of the test. 
Participants also stated that presenting 14 pairs each on 2 days did not give them any feelings 
of fatigue during the test. The consistency of agreement was found to be very high (.99) when 
presenting 14 pairs each on 2 days than presenting 28 pairs (.72) at the same time. 

2.4. Sound Reproduction System 

Several techniques have been developed to improve recording and reproducing sound image 
(Genuit, 1992; Jecklin, 1981; Stanley, 1986;Theile, 1991). In general, head-related recording and 
headphone reproduction, or stereo recording for loudspeakers or headphone reproduction 
have been used in laboratory studies. Differences in individual noise impulse detection were 
reported more in headphone listening than in loudspeaker listening (Ikeda & Flindell, 1993). 
This study also revealed that participants feel less comfortable when listening with head
phones. Sound reproduction through loudspeakers is more convincing to most people because 
it comes from virtual sources, that is, sources in front of listeners (Kleiner, 1993). A combina
tion of stereo recording and loudspeaker reproduction was used in this study. 

The loudspeakers used in this experiment were built to cover the frequency range from 20 
Hz to 20 kHz. Each speaker system contained two separate cabinets: one was a woofer 
(bass-reflex design), and the other was divided into mid- and high-frequency enclosures. Each 
speaker consisted of three different units combined to give the desired output. These units 
were a woofer (15 in./38.1 cm) to produce low-frequency information (20-250 Hz), a medium-
sized unit (5 Ü1./12.7 cm) to produce mid-range frequencies (250-3700 Hz), and a tweeter 
(3/4 in.A.9 cm) to produce high frequencies (3.7-20.0 kHz). The mid-range and tweeter units 
were mounted in an irregularly shaped enclosure and placed on top of the woofer. A l l these 
drivers were mounted in a vertical in-line and time-aligned formation. This particular configu-
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ration is important with regard to stereo image stability and gives superior stereo results 
(Hughes, 1976, as cited in Colloms, 1991). 

A n electronic crossover network was used between the woofer and mid-range unit. The 
high- and mid-frequency units were connected by passive networks. Each speaker unit was fed 
directly by its own power amplifier. The response of each speaker was measured ( B & K Type 
2032) in an anechoic room in time and frequency domains on the basis of sine, impulsive, and 
random sound from the listening position with a single microphone. The responses of both 
speakers were carefully matched and found to be flat in the listening position, within ± 2 dB 
in a frequency range between 30 Hz and 20 kHz. A t a level of 90 dB (sine wave), the distortion 
factor above 150 Hz was found to be lower than 0.3%. This indicates a relatively good figure 
for loudspeaker representation (Zwicker & Fasti, 1990). 

Both loudspeakers were placed in an anechoic room, at a distance of 130 cm in front of a 
side wall. The distance between the centers of the two speakers was 240 cm. A chair was fixed 
in between the two speakers at a distance of 300 cm from the speakers. Each participant was 
asked to sit comfortably on an adjustable chair. The height of the ear position for each 
participant was kept constant, about 114 cm above the floor. 

2.5. Test Procedure 

The study was carried out in an anechoic room. A l l sound stimuli were presented randomly to 
the participants with a silent pause of 8 to 10 s between each pair. After the presentation of 
each pair, the participants judged which sound stimulus was more annoying or if they were 
equal. They were also asked to give an annoyance rating based on how much more annoying 
one stimulus was over the other one. The judgments were recorded on a 10-cm scale. If both 
sound stimuli were felt to be equal, the participants marked their judgment at the middle of 
the scale. The reason for this method was to see whether there was any difference between the 
paired companson method (PCM) and the participant's personal preference comparison 
rating method (SPCRM). In the PCM, the scores were distributed as 2-0,0-2 or 1-1 for a pair. 
As an example of SPCRM, if the participant gave a cross mark on 7 cm, the score was 7 for 
Stimulus A, whereas the corresponding value 3 (10-7) was the score for Stimulus B. The 
participants were allowed to repeat any pair if they were unable to make a judgment. Al l 
participants were untrained and were given all the required verbal instructions. 

2.6. Estimation of Physical Parameters 

A l l engine sound stimuli were measured from the listening position in free field conditions in 
two different procedures for estimating objective parameters. In the first procedure, the 
recording was made with a single microphone with the participant absent ( B & K 4133). In the 
second, the recordings were made using two phase-matched microphones (B&K 4177) placed 
outside the ear canal of several test persons. In the latter case, 1 male participant and 1 female 
participant who gave a response close to average were used to measure the objective parame
ters of the engine sound. The reason for the second recording procedure was to see what sound 
participants actually hear, as the sound pressures recorded from a few millimeters outside the 
open ear canal showed the full spatial information of the ear response (Moller, 1992). 

Several methods have been developed for evaluating various objective parameters of a 
sound. By using these methods, an attempt was made to identify the objective parameters that 
best correlate with the subjective annoyance scores. Objective parameters for each sample of 
sound stimuli were determined to obtain a prediction model of annoyance response. The 
estimated parameters are shown in Table 1, 

2.7. Statistics 

Multiple linear regression analysis was applied to determine the objective parameters that fit 
best with subjective annoyance scores (Hussain, Gölles, Ronacher. & Schiffbänker. 1991). 
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T A B L E 1. The Evaluat ion of Physical Parameters 

Categories Descriptors 

Sound Pressure Level Flat 
dB(A) 
dB(B) 
dB(C) 
dB(D) 

Loudness ISO 532B (International Organization for Standardization [ISO], 1966) 
Specific Loudness (Zwicker & Fasti, 1990) 

Sharpness Acum (Zwicker & Fasti, 1990) 
Bark (Zwicker & Fasti, 1990) 

Roughness Smod (Schiffbänker et al., 1991) 
Roughness Level (Hashimoto & Hatano, 1994) 

Impulsiveness Kurtosis (Erdreich,1986; Russell et al., 1992) 
Kurtosis Level (Townsend, 1989) 

Harmonic Content Ratio of the sum of mean-square sound pressures between odd 
and even harmonics up to 800 Hz 

Differences between sex, and also among various diesel engine sound stimuli, were analyzed 
using Tukey's method (Box. Hunter. & Hunter, 1978). The consistency of agreements among 
the participants was evaluated using Kendall's rank correlation coefficient method (Hussain 
et al., 1991). 

3. R E S U L T S 

The results show that there is a significant difference among various manipulated diesel engine 
sound stimuli at a 95% significance level as well as between various sound stimuli and sex at 
a 90% significance level (Table 2). The mean difference of annoyance ratings between male 
and female participants is shown in Figure 2. Male participants gave a higher annoyance rating 
for Stimulus 5 than female participants. Female participants gave a higher annoyance rating 
for Stimulus 8 than male participants. The annoyance scores were found to be distributed 
normally. 

Various manipulated sound stimuli and their corresponding mean annoyance scores of both 
males and females together for SPCRM and PCM are shown in Table 3. This table shows that 
Stimuli 1 and 5 were judged to be more annoying than the other sound stimuli. Increasing even 
harmonic frequencies and decreasing odd harmonic frequencies (Stimulus 4) was shown to be 
least annoying for the participants. In this case, the fundamental frequency of the engine was 

T A B L E 2. Analys is of Variance for Annoyance Response at a 95% Signif icance Level 

Sum of Degrees of Significance 
Source of Variation Squares Freedom M Square F Ratio Level 

Main Effects 
A: Noise Stimuli 
B: Sex 

589.96187 
0.00001 

7 
1 

84.280268 
0.000007 

150.498 
0.000 

.000 

.997 

Interactions 
AB 7.60814 7 1.086877 1.941 .061 

Residuals 349.44583 624 0.560009 

Total (corrected) 947.01585 639 



SUBJECTIVE ANNOYANCE RESPONSE 21 

6.5 

o u VJ 
5 5.5 

4.5 

3.5 

Female Male 

Figure 2. Mean annoyance scores for male and female part icipants. 

considered according to the firing frequency. Sound recorded at a 45° angle (right side) from 
the center of the engine (Stimulus 8) resulted in a higher annoyance response than sound 
recorded (Stimulus 6) in front of the center of the engine. This might be due to the fact that 
Stimulus 8 was recorded closer to the fuel pump which has a higher intensity in the high-fre
quency region and thereby a high-pitched sound character. 

The effect of objective parameters (Table 1) on subjective annoyance response were ana
lysed using multiple regression analysis (Figure 3). The parameters loudness, impulsiveness 

T A B L E 3. Mean Annoyance S c o r e s for Different S o u n d Spectra  

M Annoyance Response 
Description of the various manipulated 

Stimuli No. and original diesel engine sound spectra SPCRM PCM 

1 High-frequency levels increased from 2 kHz to above 6.63 1.72 
2 Medium low-frequency levels increased from 125 Hz to 630 Hz 4.23 0.57 
3 All nonimpulsive frequency bands increased, and impulsive 

frequency bands decreased 4.59 0.77 
4 Even harmonic frequency bands increased, and all 

odd harmonic frequency bands decreased 3.79 0.42 
5 Frequency band levels increased from 200 Hz to 630 Hz and 

from 2.5 kHz to 5 kHz, and decreased from 800 Hz to 1.6 kHz 6.34 1.54 
6 Normal cold idle engine sound spectra recorded at a distance 

of 1 m from the center of the engine 4.45 0.75 
7 Normal hot idle engine sound spectra 4.98 1.03 
8 Normal cold idle engine sound spectra recorded at an angle 

of 45° to the center of the engine 5.12 1.14 

Note. SPCRM = participant's personal preference comparison rating method; PCM = paired comparison 
method. 
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Predicted Value 

R g u r e 3. Prediction model for the annoyance response . 

(Kurtosis Level), sharpness (Bark), roughness (Smod), and an interaction between loudness 
and roughness (Smod) showed significant effects on annoyance scores,/? < .001.This particular 
combination of parameters was first selected by using a stepwise selection method (Hussain et 
al., 1991), and then it was verified with linear multiple regression analysis, using all possible 
combinations of regressors. 

An annoyance prediction model was obtained on the basis of loudness (ISO 532B), impul
siveness (Townsend, 1989), sharpness (Zwicker & Fasti, 1990), and roughness (Schiffbänker et 
al., 1991). Mean annoyance scores for male and female participants were considered separately 
to derive this prediction model because the annoyance ratings differed significantly for male 
and female participants,/? < .10. This difference in annoyance rating was obvious for sound 
Stimuli 5 and 8 (Figure 2). The annoyance prediction model of the sound stimuli was deter
mined by four physical parameters: 

Annoyance = ß 0 + ßj (Loudness) + ß 2(Kurtosis Level) + 
ßj(Ba'rk) + ß 4(Smod) + ßj 4(Loudness) * (Smod) ^ 

As there was an interaction effect between loudness and roughness in the prediction model, 
these two variables could not be interpreted separately. Interaction occurred because a higher 
level of loudness masked roughness, whereas the lower level of loudness at a higher level of 
roughness produced pronounced annoyance. This particular combination, for example, could 
be seen in Stimulus 5, which was judged by the participants as one of the most annoying. 
Increased impulsiveness and sharpness produced higher annoyance. This was true for Stimulus 
1, which was judged as the most annoying by all participants. 

The prediction model was found to fit the annoyance response. The Rz

adi was 90.1%, and 
the standard error was 0.31. The prediction model was first developed on half of the samples, 
chosen randomly from the data, and then tested on the other half of samples using a similar 
method. This verification showed a negligible difference between the two halves of the data 
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samples. The model was therefore applied to all the data samples to obtain a prediction model 
of annoyance response. The prediction model indicated that both individual parameters and 
an interaction between two parameters (loudness and roughness) were the determining fac
tors in defining annoyance response. Annoyance prediction models for engine sound have 
been defined by individual objective parameters (Hussain et a l , 1991; Schiffbänker et al., 
1991). 

The prediction model was developed using SPCRM because it fits with the results better 
than the PCM. It seemed that the participant's own preference rating was necessary to 
consider the subjective annoyance response for various sound stimuli. Objective parameters 
measured with a single microphone showed better correlation with the annoyance response 
than measurement with two microphones placed near the ear canal of the participant. 

4. DISCUSSION 

The consistency of agreements was found to be higher for female participants (.988) than for 
male participants (.951). The reason for obtaining such overall high consistency was to present 
pairs equally on two occasions. This kept the participants' concentration on their judgments as 
constant as possible during the test period. 

The spectral distribution (Stimulus 1) that contained higher sound pressure levels in high 
frequencies and thereby increased impulsive character was found highly annoying compared 
to the other sound stimuli (Russell & Macaulay, 1989; Schiffbänker et a l , 1991). The estimated 
values of sharpness and impulsiveness were found to be higher for Stimulus 1 than for other 
sound stimuli, especially Stimuli 3 and 4. It was necessary to consider the interaction effect due 
to the fact that Stimulus 5 could not be explained by any single parameter. Stimulus 4, where 
all one-third-octave band levels for even hannonic frequencies were increased and decreased 
for odd harmonic frequencies, was found to be the least annoying. 

The validity of the prediction model was checked by applying two new engine sound stimuli 
(denoted as Stimulus 9 and Stimulus 10) into the model. These two sound stimuli were chosen 
from several sound stimuli that were created by experienced acoustical engineers. This was 
achieved by the manipulation of the one-third-octave band levels from the original sound 
stimulus (Stimulus 6). The two new sound stimuli were created on the basis of subjective 
preference with the intention of making them as pleasant as possible. The prediction model 
was tested with these two sound stimuli (9 and 10) which gave the annoyance ratings of 2.88 
and 3.77, respectively. To check the validity of these two rating scores, the two stimuli (9 and 
10) were presented to 20 new participants together with three old stimuli, in a paired compari
son procedure. The participants comprised equal numbers of males and females, chosen 
randomly from the university students and staff members. The audiograms of the participants 
showed that they had normal hearing ability. A total of 12 pairs were presented randomly to 
the participants both in the AB and BA sequences. This was done to check the reliability of 
their judgments. The pairs consisted of stimuli numbers 1 and 9, 4 and 9,6 and 9,1 and 10,4 
and 10, and 6 and 10. The testing procedure was similar to that of the original experiment with 
the exception that the task of the participant was to judge how much more annoying was one 
stimulus in a pair or if they were equal in annoyance judgment. The reliability of their 
judgments was shown to be 100%, meaning their judgments were identical for both the A B 
and the BA sequences. The result is shown in Table 4. This table shows that the participants 
found Stimulus 9 to be more pleasant than the other sound stimuli. Stimulus 10 resulted in 
almost the same judgment as Stimulus 4. The predicted annoyance rating for Stimulus 10 was 
almost equal to that for Stimulus 4. The inclusion of sound stimuli 9 and 10 in the prediction 
model (Figure 4) provided a strong indication of its validity. The i ? 2

a d j and the standard error 
were found to be 93.1% and 0.29, respectively. Thus, the prediction model (see Figure 3) can 
be used to predict the annoyance response of a diesel engine sound in the idling state, at least 
when dB (A) levels are almost equal. 
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T A B L E 4. Annoyance R e s p o n s e s for 20 Participants in E a c h Pair 

Stimulus Pair A Is More Annoying B Is More Annoying A & B Are Equal 

1 and 9 20 0 0 
6 and 9 20 0 0 
4 and 9 17 1 2 
1 and 10 20 0 0 
6 and 10 20 0 0 
4 and 10 10 6 4 

According to Table 4. Stimulus 9 was judged to be the least annoying for the participants. 
This spectral distribution is shown in one-third-octave band levels in Figure 5. 

5. C O N C L U S I O N 

Spectra dominated by higher sound pressure levels in high frequency were found to cause 
more annoyance. These spectra often showed an increase of impulsiveness and sharpness. A 
spectrum classified as less annoying can be used as a basis for a modification of motor vehicles. 
Representing sound stimuli through loudspeakers can also provide a "true" picture of annoy
ance response to the various engine sound spectra. The objective parameters of loudness, 
sharpness, impulsiveness, roughness, and an interaction between loudness and roughness were 
described as the cause of annoyance. A single microphone can be used for measuring objective 
parameters of the sound stimuli. The participant's personal preference rating method 
(SPCRM) showed better correlation with objective parameters than the paired comparison 
method (PCM). 

Predicted Value 

Figure 4. The effect of annoyance scores for St imul i 9 and 10 in the prediction model . 
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Figure 5. One-third-octave band levels for S t imu lus 6 (normal diesel engine sound) and 
S t i m u l u s 9 (judged by the participants as less annoying) . 
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Annoyance of idling diesel engine noise evaluated by multivariate 
analysis 
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Judgments of annoyance caused by the sound of an idling diesel engine were determined by 80 
subjects. The diesel-engine sounds were recorded and the spectra were subsequently modified 
electronically to produce various test signals. The subjects listened to eight different sounds in 
a paired-comparison procedure. Each sound signal was presented to the subjects at a 
time-averaged A-weighted sound level of 80 dB. Two different prediction models of the 
annoyance response were developed by use of principal component analysis and partial least-
squares regression. A new descriptor, the "ear resonance range," was discovered as a result of 
employing these analysis methods. The first prediction model, based on psychoacoustic 
measures, utilized the ear resonance range along with loudness and kurtosis to predict the 
annoyance judgments of the test signals. The second model utilized critical-band sound-
pressure levels as the basis for the annoyance predictions. Both models were confirmed by 
internal and external validations and gave good predictions. The critical-band 
sound-pressure-level prediction model may provide a better means than the 
psychoacoustic-measure model to evaluate options for minimizing the annoyance of the sound 
from an idling diesel engine. © 1995 Institute of Noise Control Engineering. 

Primary subject classification: 63.2; Secondary subject classification: 52.3 

1. INTRODUCTION 

Human beings are exposed to various types of traffic 
noise in their daily life. Among the sources of traffic noise, 
the sound of engines at idle power has been reported to 
cause annoyance." Idling noise is present when vehicles are 
loading or unloading goods and also at temporary stops 
while driving. For automotive applications, most previous 
research on annoyance response has been devoted to the 
noise inside the passenger compartment. A few efforts were 
directed at analyzing the annoyance of external vehicle 
noise. External vehicle noise is important for pedestrians as 
well as for those who work or live in the vicinity of a 
roadway carrying vehicular traffic. 

Annoyance reactions to diesel engine noise have been 
described by a variety of psychoacoustic descriptors includ
ing: loudness, sharpness, roughness, impulsiveness, irregu
larity, periodicity, harmony, and the tonal components of 
the sound.2'3 Researchers have attempted to develop predic
tion models that quantify psychoacoustic factors on the ba
sis of objective measurements. None of the models satis
factorily describes the relationship between the physical 
characteristics of a sound and annoyance judgments in 
terms of a single-valued descriptor because subjective re
sponse to undesired sound is complex with considerable 
variability between and within different subject 
populations.4 

The study reported in this paper dealt with annoyance 
judgments of the sound from a diesel engine at idle power. 
A new statistical approach to modeling is presented to in
terpret annoyance judgment data. The paper demonstrates 
the utility of principal component analysis (PCA) and par
tial least-squares (PLS) regression5 to obtain prediction 
models for annoyance response. The main advantages of 

a> Acoustics Group, Division of Environment Technology, Luleå University 
of Technology, S-971 87 Luleå, Sweden. 
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the PCA and PLS methods over the multiple linear regres
sion method are that they can handle correlated data and 
also can provide valuable insights into the interrelation
ships between psychoacoustical variables and sound 
stimuli. 

Principal Component Analysis and PLS regressions re
sult in a decomposition of the original data into a number 
of orthogonal components. The components are arranged 
according to the corresponding loadings and scores. The 
loadings describe the average contribution of the psychoa
coustic variables to specific components. Scores describe 
the contribution of the components to different sound 
stimuli. Plots of PCA and PLS scores and the correspond
ing loadings serve to visualize interrelationships and to 
validate or correct prior knowledge by revealing unex
pected systematic phenomena. 

2. ANNOYANCE DESCRIPTORS 

Table I lists the descriptors that were considered in this 
study for rating the annoyance of a diesel engine at idle 
power. The descriptors included frequency-weighted sound 
levels as well as various psychoacoustic measures. 

Loudness (LD) in sones was determined according to 
ISO 532B6 from one-third-octave-band sound-pressure lev
els. Another approach to defining loudness is the specific 
loudness.7 Specific loudness (SPLD), also in sones, was 
determined from the spectral distribution of a sound and 
takes into account the nonlinear relationship between exci
tation and loudness judgment, and the frequency selectivity 
of the human ear. The sound spectra also were analyzed in 
critical frequency bands with due allowance for masking. 

Sharpness in acums8 was determined from narrow-band 
sound-pressure levels. Sharpness (ACM) corresponds, ap
proximately, to the first spectral moment of specific loud
ness, with an emphasis on sound at higher frequencies.9 
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TABLE 1 - Psychoacoustic descriptors considered for rating the annoy
ance of the diesel-engine sounds. 

mined from A-weighted octave-band kurtosis levels at mid-
band frequencies from 125 Hz to 8 kHz.1 2 

Unit 
Descriptor Specific measure symbol Abbreviation 

Sound level A-weighted (dB) AL 
B-weighted (dB) BL 
C-weighted (dB) CL 
D-weighted (dB) DL 
Flat response (dB) FL 

Loudness ISO 532B (sone) LD 
Specific loudness (sone) SPLD 

Sharpness Sharpness based on loudness (bark) SLB 
Sharpness based on specific (bark) SPB 

loudness 
Sharpness (acum) ACM 

Roughness Average modulation 80 Hz 
to 5.7 kHz 

(smod) AVM 

Roughness level (dB) RL 
Impulsiveness Kurtosis KRT 

Kurtosis level (dB) KL 
A-weighted kurtosis level (dB) WKL 

Harmonic Ratio of narrow-band. 
content mean-square sound pressures 

at odd harmonics of engine 
firing frequency to those at 
even harmonics a 

a Ratio of the sum of mean-square sound pressures from the 1st to the 27th 
odd harmonics of the nominal 30-Hz engine firing frequency to the sum 
of the mean-square sound pressures from the 2nd to the 26th even har
monics. 

Sharpness (SLB) in barks7,9 was determined from the cen
troid position of the spectral distribution based on its loud
ness in the "Zwicker spectrum." A measure of sharpness 
based on specific loudness (SPB) was also calculated. 

Roughness3 was determined from the mean degree of 
amplitude modulation of the sound in each of six octave 
bands with nominal midband frequencies from 125 Hz to 4 
kHz. For this study, the temporal sound-pressure envelope 
of the octave-band sound-pressure levels was estimated by 
means of a Hilbert transformation of narrow-band spectra, 
and then transferred to the frequency domain where it was 
corrected according to the annoyance response of ampli
tude modulated tones. Roughness (AVM) was calculated by 
summing each corrected modulation spectrum normalized 
by the original octave-band sound-pressure levels. 

Roughness level (RL) was determined from sound-
pressure levels in seven frequency bands from 20 to 1121 
Hz. The frequency-band sound-pressure levels were 
weighted by a defined weighting function.10 The frequency-
weighted, band-limited sound-pressure levels were then 
combined on a mean-square sound-pressure basis. The total 
weighted mean-square sound pressure was divided by the 
square of the reference sound pressure to obtain roughness 
level in decibels. 

The impulsive character of the sound stimuli was evalu
ated by kurtosis." Kurtosis (KRT) is a measure of the am
plitude and number of sound-pressure peaks based upon an 
amplitude probability analysis. Kurtosis level (KL) is the 
level of kurtosis in decibels without frequency weighting. 
The A-frequency-weighted kurtosis level (WKL) was deter-

3. EXPERIMENTAL METHODS 

A. Subjects 

Forty male and forty female subjects were chosen ran
domly from the students and staff of Luleå University. The 
average age was 27.3 years (standard deviation = 7.3 
years) for the male subjects and 25.3 years (standard devia
tion = 7.8 years) for the female subjects. All subjects had 
normal hearing with hearing thresholds less than 20 dB at 
octave midband frequencies to 8 kHz. 1 3 

B. Experimental design 

The sound from a 9-L, in-line 6-cylinder diesel engine 
operating at its nominal 610-rev/min idle power setting was 
recorded on a NAGRA IV-SJ two-channel magnetic tape 
recorder. Two-microphone stereophonic recordings were 
made at two locations in front of the engine in a hemi-
anechoic room; see Fig. 1. For each location, the two B&K 
4165, 12.7-mm-diam microphones were placed at 1 m 
above the floor. 

The spectra of the recorded engine sounds were subse
quently manipulated by a one-third-octave-band equalizer 
to create various sound stimuli. The sound stimuli con
tained various degrees of harmonic content, low- and high-
frequency sound-pressure levels, roughness, and impulsive-

Diesel 
Engine 

I 0.5m—I 0.5m 1 

Fig. 1 - Microphone positions for recordings of the idle-power 

diesel engine sounds. The solid circles represent the lo

cations for the two microphones. 
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ness. The intent of the manipulation was to find 
relationships among the various psychoacoustic descriptors 
of Table 1 and the differing spectral content. The eight 
sound stimuli were re-recorded on a digital audio tape re
corder. Figure 2 and Table 2 give details of the eight sound 
stimuli and their spectra. 

The purpose of the present study was to focus on subtle 
differences in sound character. The time-average 
A-weighted sound level of each stimulus was adjusted elec
tronically to 80 dB to avoid the variation in loudness3 that 

90 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

0.063 0.25 1 4 
0.0315 0.125 0.5 2 8 

nominal midband frequency (kHz) 

Fig. 2 - One-third-octave-band sound-pressure levels for the 

spectra of the original (stimuli 6, 7, and 8) and manipu

lated (stimuli 1-5) engine sounds. See Table 2 for a 

description of each spectrum. In (a) and (b), (D=stimuli 

1 & 5, • ^stimuli 2 & 6, A=s t imul i 3 & 7, and V 

^stimuli 4 & 8. 

otherwise would tend to mask the effect of other dimen
sions of the sound stimulus' character. The 80-dB sound 
level was chosen to avoid interference with the acoustic 
reflex of human ears. 

C. Experimental procedure 

Engine sounds were presented through a pair of loud
speakers in an anechoic room. The loudspeaker response 
was flat, within ± 2 dB, from 20 Hz to 20 kHz. The listen
ing position was the same for all subjects. A randomized 
paired-comparison procedure was used either in an AB or a 
BA sequence. The duration of each sound was 8 s. Each 
pair of sounds was separated by a quiet period of 8-10 s. 
After presenting each pair of sounds, the subjects were 
asked to judge the annoyance of both stimuli and to rate 
how much more annoying one stimulus was compared with 
the other, or if they were equal in annoyance. Each judg
ment was recorded on an 11-point scale with linearly 
spaced markings ranging from 0 to 10. 

During the annoyance judgment tests, all sound signals 
were measured by a single B&K 4133, 12.7-mm-diam mi
crophone at the listening position, but with the subject not 
present. Sound pressure signals were fed into a Leuven 
Measurement Systems CADA-X fast-Fourier-transform 
spectrum analyzer. The psychoacoustic descriptors shown 
in Table 1 were evaluated by processing the recorded 
acoustical data. 

In an analysis of paired-comparison data, the scores for 
each judge are first combined in a single table. Each cell in 
the table contains the total number of scores given by all 
judges.14 ' 5 Then, the scores in each cell are expressed as a 
fraction of the maximum possible score that could be given 
by all judges. The normalized scores in the cells in a col
umn are summed and then divided by the number of total 
stimuli to obtain the stimulus rating on the 11-point scale. 
This procedure gave the rating of the stimuli on an annoy
ance scale for all judges. A total of 28 pairs [n(n—1)/2] of 
sound stimuli (n = 8) was presented to each subject. The 
diagonal entries in the table involving a comparison of each 
stimulus with itself were assumed to be equal. 

The well-known paired-comparison method is based on 
a forced choice where subjects are not allowed to give 
equal scores for both stimuli. 1 4 - 1 6 For this study, a rating 
scale was included in the paired-comparison data to provide 
freedom for the judgments and thereby widen the range of 
variability of judgments between subjects. 

In the present study, the procedure for analyzing the 
paired-comparison data was partially adopted from an ear
lier investigation, where subjects were allowed to give 
equal scores for both stimuli.17 The distributions on the 
rating scale were "A is much more annoying" at 10, "B is 
much more annoying" at 0, and "A & B equal" in the 
middle of the scale at 5. The subjects were instructed to 
consider that the degree of annoyance increased toward the 
extremes. The distance along the scale from 0 to the 
marked judgment score was the result for stimulus A, and 
10 minus the distance to the marked judgment was the 
score for stimulus B. For an equal judgment between a 
stimulus pair, a score of 5 was given for both stimuli. In 
this way, the rating of the stimulus on the annoyance scale 
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TABLE 2 - Mean annoyance-response scores for modified and original diesei-engine sound stimuli. 

Mean annoyance response 3 

Stimulus Description of spectral content re that of stimulus 6 Male Female 

1 Increased the one-third-octave-band sound-pressure levels in 6.55 6.70 
high-frequency bands from 2 to 16 kHz 

2 Increased the one-third-octave-band sound-pressure levels in 
low-frequency bands from 125 to 630 Hz 

4.22 4.24 

3 Increased the one-third-octave-band sound-pressure levels in those 
bands where the ratio of peak-to-rms sound pressure was low and 
decreased the one-third-octave-band sound-pressure levels in those 
bands where the ratio of peak-to-rms sound-pressure was high 
(attempt to reduce the impulsive character of the reference sound of 
stimulus 6) 

4.66 4.52 

4 Increased the one-third-octave-band sound-pressure levels in those 
bands containing even harmonics of the 30-Hz engine firing 
frequency and decreased the sound-pressure levels in those bands 
containing odd harmonics 

3.63 3.65 

5 Increased the one-third-octave-band sound-pressure levels in bands 
from 200 to 630 Hz and 2.5 to 5 kHz; decreased the sound-pressure 
levels in bands from 800 Hz to 1.6 kHz 

6.55 6.14 

6 Normal cold-engine idle sound recorded in front of the engine at 1 m 4.39 4.52 
from its center 

7 Normal hot-engine idle sound recorded in front of the engine at 1 m 
from its center 

5.06 4.90 

8 Normal cold-engine idle sound recorded at an angle of 45° from the 4.94 5.30 
axis of the engine and its center 

aResponse scores on a scale from 0 to 10 (i.e., not at all annoying to much more annoying). 

for each subject was calculated by summing all the scores 
in the column and dividing by the total number of stimuli. 

D. Statistical methods 

Differences in annoyance judgments according to the 
sex of the subjects, and according to the various engine 
sound stimuli, were analyzed using Tukey's method.18 The 
consistency of agreement among the subjects was evaluated 
using Kendall's rank correlation coefficient method." Prin
cipal component analysis (PCA) was applied to investigate 
the interrelationship among the psychoacoustic descriptors 
as well as the spectral characteristics. Partial least squares 
(PLS) regression was then used to obtain a prediction 
model for the annoyance response. The analyses were per
formed on a personal computer utilizing a commercial soft
ware program for statistical analyses. 

E. Multivariate analysis 

In the investigation of annoyance reactions to engine 
noise, the measured data were arranged into three matrices. 
The n different sound stimuli were represented in the rows 
and the measured variables as the columns; see Fig. 3. The 
p columns in the X matrix contain the psychoacoustic de
scriptors. The q columns in the Z matrix represent the 24 
critical-band sound-pressure levels. In the Y matrix, the 
corresponding annoyance response data were stored in n 
rows. The objective of this evaluation was to investigate the 
interrelationships between the variables in each matrix as 
well as to model the relationships between the matrices. 

A property of multivariate data is that the variables sel
dom are independent but rather are correlated. Thus the true 
dimension of the data is much less than the number of 

variables, and the matrix has some dominating types of 
variability that carry most of the information. The dominant 
factors can be found by combining the variables in some 
way. With a Principal Component Analysis, linear combi
nations of the variables are calculated so that the systematic 
variability in the data is concentrated in a few new vari
ables (the Principal Components) and redundant data 
(noise) are removed. 

In matrix terms, the Principal Component Analysis can 
be expressed as 

X=TP T +E, (1) 

where X is the original data matrix, TP T is a matrix of 
lower rank than X containing the systematic part of the 
data, and E is the matrix of residuals (noise). Usually ma
trix X is also mean-centered prior to the calculation of the 
principal components to make the calculations numerically 
well conditioned. Note that X in this case represents a gen
eral matrix and not necessarily the matrix of psychoacous
tic descriptors shown in Fig. 3. Matrix T is the score matrix 
and describes interrelationships among the objects 
(stimuli). Matrix P is the loading matrix and contains infor
mation about the variables (critical-band sound-pressure 
levels, psychoacoustic descriptors, and annoyance judg
ments); matrix P T is the transpose of matrix P. 

Columns of matrix T as well as the rows of matrix P T 

are mutually orthogonal. Plots of pairs of vectors of T and 
P can be used to interpret data. Principal Component 
Analysis can also be viewed as a projection method where 
the original variables are projected onto the subspace that 
contains the statistically significant variance in the data 
where the plotted pairs of vectors are "windows" in mea
surement space. 
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Fig. 3 - Organization of the data for the Principal Component Analysis and Partial Least-Squares analyses. Matrix Y represents the mean 

annoyance scores for both male and female subjects. Matrix X c a l represents the psychoacoustic descriptors from Table 1. Matrix 

Zcaj represents the 24 critical-band sound-pressure levels of the eight sound stimuli described in Table 2. Annoyance prediction 

models developed from the measured judgments (subscript "cal") subsequently were used to predict annoyance responses to 

additional engine sounds (subscript "test"). 

In the Partial Least-Squares (PLS) method, a model is 
calculated to relate two matrices ( X and Y) to each other. 
PLS can be described in terms similar to projections and 
subspaces, but here the goal was to achieve a maximum 
correlation between the two matrices (e.g., psychoacoustic 
descriptors or critical-band sound-pressure levels and an
noyance response). The systematic part of the data is also in 
this case concentrated in a few new variables so that the 
information can be displayed in a few informative plots. 

Using matrix notation a PLS model can be described as 
follows: 

X=TP T +E, (2) 

Y = U C T + F , (3) 

U=T+H, (4) 

where X, T, P, and E were defined above for Eq. (1) and U 
and C are the score and loading matrices of matrix Y. The 
nonsystematic part of matrix Y is denoted by F. Equation 
(4) frequently is called the inner relation and relates the T 
and U matrices to each other. Matrix H denotes the residual 
in Eq. (4). The theory of both PCA and PLS have been 
thoroughly described in the literature.5'2 0 - 2 3 

Annoyance prediction models were developed with the 
PCA and PLS analysis methods by calculating the first 
component (line) that explained the maximum variance. If 
this component was statistically significant, a second com
ponent (line) orthogonal to the first was calculated, thus 
describing a plane. If this component was also significant, a 
third component (line) orthogonal to both the first and sec
ond was calculated and the procedure was repeated until all 
systematic variation in data was explained.24 Cross 
validation25 was used to establish significance during the 
course of model development. 

For graphical evaluation of data using PCA and PLS, 
one primarily inspects score and loading plots. The score 

plot reveals the main pattern of the objects (stimuli) in the 
data set. The loading plot shows the main relationships be
tween variables, as estimated from the data set. Redun
dancy and close relationships among the variables occurred 
when the loadings for a group of variables were all about 
the same. 

In this work, PCA was used to classify data from the 
frequency spectra of the sounds and also to investigate 
which of the descriptors in Table 1 was best related to the 
annoyance judgments. PLS was used to describe annoyance 
response (Y) modeled both from the psychoacoustic de
scriptors (X) derived from the sound stimuli and from the 
critical-band sound-pressure levels (Z). The goals were to 
predict the annoyance judgment responses from estimated 
descriptors and from the critical-band sound-pressure lev
els, and to evaluate the results obtained by the two ap
proaches. 

4. RESULTS AND DISCUSSION 

A. Analysis of subjective annoyance ratings 

The analysis of variance showed that there was a signifi
cant difference between various manipulated diesel-engine 
sound stimuli at a 95% significance level as well as be
tween various sound stimuli and the sex of the subjects at a 
90% significant level. The consistency of agreement among 
the female subjects (0.989) was higher than among the 
male subjects (0.951). A higher annoyance rating for stimu
lus 5 (see Table 2) was given by the male subjects than by 
the female subjects. A higher annoyance rating for stimulus 
8 was given by the female subjects than by the male sub
jects. 

A description of the sound stimuli and their correspond
ing mean annoyance scores for both male and female sub
jects is shown in Table 2. For all subjects, judgments of the 
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Fig. 4 - Loadings plot of the magnitudes of the first and second 

components of the Principal Component Analysis utiliz

ing (a) the psychoacoustic descriptors of Table I and (b) 

the critical-band sound-pressure levels. Both axes were 

normalized by the explained variance in each compo

nent. All critical-band center frequencies are in kilo-

hertz. The A-weighted sound level descriptor (AL) was 

not included in the prediction model because all test 

sound stimuli had a constant A-weighted sound level of 

80 dB. Groupings of related descriptors are enclosed 

within ovals. 

annoyance of stimuli 1 and 5 were higher than for the other 
sound stimuli. Stimulus 4, where the one-third-octave-band 
sound-pressure levels for those frequency bands containing 
even harmonics of the fundamental firing frequency were 
increased and the sound-pressure levels for those frequency 
bands containing odd harmonics were decreased, was the 
least annoying to all subjects. The fundamental firing fre

quency of the engine was considered to be (610/60)(6/2) or 
approximately 30 Hz. 

Stimulus 8, with the sound recorded at the 45-deg angle 
from the axis of the engine and right of center as shown in 
Fig. 1, had a somewhat higher annoyance response score 
than the sound of stimulus 6 recorded in front of the engine. 
The stimulus-8 sound was recorded closer to the fuel pump 
and consequently had higher sound-pressure levels at high 
frequencies and hence a more-high-pitched acoustical char
acter. 

B. Principal Component Analysis (PCA) 

As a first step in the data evaluation, the psychoacoustic 
descriptors in Table 1 were subjected to a Principal Com
ponent Analysis (PCA) to evaluate their interrelationship. 
The magnitude of the loadings for the first and second prin
cipal (nondimensional) components are shown in Fig. 4(a). 
Positive magnitudes for loadings indicate a positive corre
lation for a component; negative loadings indicate a nega
tive correlation. Component magnitudes for the abscissa 
and ordinate scales were normalized by the explained vari
ance in each component. 

All the descriptors in Table 1 except harmonic content 
were considered for the PCA multivariate analysis. The 
harmonic-content descriptor did not show any correlation 
with annoyance response and is not shown in Fig. 4(a). 

The interpretation of the loadings data in Fig. 4 is that a 
descriptor (such as kurtosis KRT or kurtosis level KL) with 
a high positive magnitude of a component (first or second) 
contributes more to a model's ability to explain the vari
ance in the annoyance judgment scores than those descrip
tors with smaller positive or negative magnitudes such as 
roughness (AVM) or roughness level (RL). The kurtosis 
and sharpness descriptors in the upper right quadrant of a 
loadings plot such as Fig. 4(a) contributed the most to the 
ability of the first and second components of the prediction 
model to explain the variance in the data. 

The loadings plot in Fig. 4(a) indicated similarities 
among certain descriptors as shown by the ovals enclosing 
two groups. The kurtosis and sharpness descriptors were in 
one group and loudness (LD), specific loudness (SPLD), 
and all sound level measures were in the other group. 

The first principal component accounted for 61.5% of 
the total variance in the data, the second accounted for 
18%, the third described 9.5%, and the fourth accounted for 
6.1%. Altogether the four components described 95.1% of 
the variance in the data. 

In the second step of the data examination, PCA was 
used to evaluate the pattern and determine relationships 
among the 24 critical-band sound-pressure levels of the 
spectra and the various psychoacoustic descriptors (matri
ces X and Z in Fig. 3). The first component accounted for 
47.7% of the total variance in the data, the second ac
counted for 21%, the third described 13.6%, the fourth ac
counted for 7.9%, and the fifth described 4.5%. Altogether 
the five components described 94.7% of the variance in the 
data. 

The 24 critical-band sound-pressure levels seemed to be 
arranged in four groups shown enclosed within ovals in 
Fig. 4(b). The four groups were: (1) a low-frequency group 
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from 50 to 770 Hz, (2) a mid-frequency group from 770 to 
2000 Hz, (3) a mid-to-high-frequency group from 2320 to 
5350 Hz, and (4) a high-frequency group from 5350 to 
15 550 Hz. Loudness (LD) and the sound levels had mag
nitudes similar to those of the group of low-frequency 
critical-band sound-pressure levels. The high-frequency 
critical-band sound-pressure levels were grouped with the 
two measures of sharpness (SPB and SLB) and impulsive
ness (KRT and KL). 

Roughness (AVM) did not have a strong relation to any 
critical-band sound-pressure level because its component 
magnitudes were well separated from those of any of the 
four groups. This result is due to the fact that roughness is 
more related to the temporal aspects of a sound than its 
frequency content. None of the descriptors of Table 1 were 
related to the mid-to-high-frequency group of critical-band 
sound-pressure levels. 

C. Partial Least Squares (PLS) 

In the case of the Partial Least-Squares (PLS) regres
sion, the scores of annoyance response for male and female 
subjects were considered separately (see Table 2) because 
there was a significant difference in their ratings. In the first 
step, the PLS regression was utilized to relate annoyance 
response with all psychoacoustic descriptors. The model 
with the descriptors of Table 1 could explain only 68.3% of 
the total variance in annoyance judgment data. 

The second step examined the relationship between the 
annoyance judgments and psychoacoustic descriptors plus 
the critical-band sound-pressure levels; see the sketch in 
Fig. 3. The 2nd-step model was now able to explain 97.6% 
of the total variance in the annoyance data. The first com
ponent accounted for 80.6%, the second component de
scribed 14.2%, and the third accounted for 2.8% of the 
variance. 

Figure 5 shows the loadings plot of the magnitudes of 
the first two components of the PLS regression analysis. 
Figure 5 reveals that the mid-to-high-frequency group of 
critical-band sound-pressure levels (enclosed within the 
oval) was highly correlated with the annoyance judgment 
scores of Table 2 (indicated by ANS in Fig. 5) because of 
the high positive magnitudes for both loading components. 
Confirming the observation from the Principal Component 
Analysis data in Fig. 4(b), none of the descriptors from 
Table 1 was correlated with the results of the PLS analysis 
in Fig. 5 for the mid-to-high-frequency group of critical-
band sound-pressure levels. 

In the last step of the PLS data evaluation, a prediction 
model was developed for annoyance response based on 
critical-band sound-pressure levels. Three PLS components 
were found to be significant and explained 97.9% of the 
total variance in annoyance response. The first component 
accounted for 90.8% of the total variance in data, the sec
ond accounted for 5.3%, and the third described 1.8% of 
the variance. The standard error was 0.11. 

Figure 6 shows the regression coefficients of the PLS 
model. For a constant 80-dB A-weighted sound level, in
creasing the sound-pressure level in the 1.5- to 6-kHz re
gion caused increased annoyance. In contrast, increasing 
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the sound-pressure level in the 50- to 1500-Hz region was 
correlated inversely with the annoyance response. 

The PLS model based on critical-band sound-pressure 
levels explained a larger amount of variance than the model 
based on the psychoacoustic descriptors of Table 1. Pos
sible explanations are that: (a) there is a direct relation be
tween critical frequency bands and the corresponding co
chlea characteristics of the human ear,7 (b) the descriptors 
of Table 1 did not extract sufficient information, and (c) 
critical-band sound-pressure levels are well suited to de
scribe the frequency content of the particular diesel-engine 
sound. A model based on critical-band sound-pressure lev
els could be used as a tool prior to the modifications of 
engine sound because it is a simpler and faster method to 
evaluate changes in the annoyance response. 

The model based on critical-band sound-pressure levels 
is however limited to this particular diesel engine. An an
noyance prediction model based on one-third-octave-band 
sound-pressure levels instead of critical-band sound-
pressure levels also was developed, but a lower correlation 
with annoyance response was obtained explaining only 
83% of the total variance in annoyance responses compared 
with 97.9% for the model based on critical-band sound-
pressure levels. This result indicated that the critical-band 
sound-pressure levels extracted more information from the 
sound spectra than did the one-third-octave-band sound-
pressure levels. 
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D. Development of a new descriptor 

The results in Fig. 5 showed that it was not possible to 
make a good annoyance prediction model based on the psy
choacoustic descriptors in Table 1. None of the descriptors 
from Table 1 was able to explain a significant amount of the 
variance in the annoyance judgment data for those sound 
stimuli (particularly stimulus 5) with high sound-pressure 
levels in the mid-to-high-frequency range that is important 
for hearing. Both PCA and PLS methods indicated that 
stimulus 5 was responsible for explaining less variance in 
the annoyance data than the other seven stimuli. The PLS 
model based on one descriptor of loudness (LD), sharpness 
(SLB), impulsiveness (KRT), and roughness (AVM) ex
plained 96.6% variance in the data wht i the annoyance 
judgments for stimulus 5 were excluded from the model. 
These four descriptors were chosen because they provided 
the highest loadings for the components of the prediction 
model. 

To predict the annoyance response from the psychoa
coustic descriptors of Table 1, it was necessary to consider 
the sound-pressure levels in some of the critical frequency 
bands. It appeared from the results that none of the descrip
tors in Table 1 reflected the mid-to-high-frequency group; 
see the data in Fig. 5. The spectrum in this frequency range 
was manipulated in stimulus 5 to a greater extent than for 
the other stimuli and hence was a probable reason for the 
significant difference in explained variance when stimulus 
5 was excluded. The human ear is most sensitive in this 
frequency range because the first resonance of the ear var
ies between 2 and 4 kHz depending on the individual.26 As 
a consequence a new descriptor was introduced, denoted 
"ear resonance range" or ERR. The new descriptor was 
defined as ten times the base-10 logarithm of the sum of the 
time-mean-square sound-pressures in the four critical bands 
with center frequencies of 2500, 2900, 3400, and 4000 Hz. 

E. Prediction model from psychoacoustic 
descriptors 

A prediction model was developed on the basis of ear 
resonance range and all psychoacoustic descriptors from 
Table 1. The model explained 94.1% of the total variance in 
the annoyance response by four components. The first com
ponent accounted for 60.3% variance in the annoyance 
data, the second component described 24.9%, the third ac
counted for 4.9%, and the fourth described 4.1% of the 
variance. The model showed that loudness (LD) gave 
higher loadings than any of the frequency-weighted sound 
levels. 

To simplify the model while maintaining the ability to 
predict the annoyance judgment scores in Table 2 for each 
of the eight sound stimuli, the redundant variables observed 
in Fig. 4(a) were removed. In this case, the model ex
plained 89.6% of the total variance of annoyance data with 
two significant components. The first component explained 
70% and the second component explained 19.6% of the 
variance in the annoyance data. The standard error was 
0.20. The model thus reflected the contributions to the an
noyance judgment data for sound stimuli with dominant 
spectral content at low frequencies, high frequencies, and 
mid-to-high frequencies. 

Roughness and sharpness had a negligible effect on the 
explanation of the variance in the annoyance responses. 
The reason that roughness did not improve the model was 
probably because the different sound-stimuli spectra only 
had a narrow range of roughness. The reason that the effect 
of sharpness was negligible might be because of its corre
lation with kurtosis as shown in Fig. 4(a) and the ear reso
nance range. Regression coefficients of the model shown in 
Fig. 7 indicated that sounds in the ear resonance range were 
the highest contributors to the annoyance judgments. 
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- Regression coefficients for the annoyance-judgment prediction model based on critical-band sound-pressure levels; see Eq. (5). 
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Fig. 7 - Regression coefficients for the annoyance-judgment pre

diction model based on total loudness, kurtosis, and ear 

resonance range; see Eq. (6). 

F. Validation of the prediction models 

Annoyance prediction models for critical-band sound-
pressure levels (method 1) and psychoacoustic descriptors 
(method 2) were validated internally and externally. Inter
nal validations of both models were checked by splitting 
the data into two halves. Models developed on half of the 
samples were tested on the other half. A negligible differ
ence in the standard errors between the two methods was 
obtained, 0.22 and 0.26. 

For method 1, the equation for the model to predict the 
annoyance judgment responses Y, in terms of critical-band 
sound-pressure levels Xh was 

Y = ßo+1 ßiXt (5) 

where the 24 regression coefficients /?, are given in Fig. 6. 
The constant of proportionality ß0 was —1.0978. 

For method 2, the equation for the model to predict the 
annoyance judgment responses Y, in terms of total loudness 

was Xx, kurtosis X2, and ear resonance range X3  

Y = ß 0 + ß \ X 1 - r ß 2 X 2 + ß ^ , (6) 

where the three regression coefficients are given in Fig. 7. 
The constant of proportionality ß0 was —28.381. 

External validation of the two annoyance prediction 
models was checked by introducing two additional sound 
stimuli, denoted sti-9 and sti-10. The new stimuli were se
lected from various engine sounds created by experienced 
acoustical engineers. The sounds were created by manipu
lation of the spectrum of the original sound (stimulus 6) by 
means of an equalizer while still maintaining an 80-dB 
A-weighted sound level. The intention of the manipulation 
was to create as pleasant a sound as possible. 

Both method 1 and method 2 models were used to pre
dict the annoyance response for the two additional sound 
stimuli. The predicted annoyance ratings of the two sounds 
were similar for both models. Figure 8(a) for method 1 and 

Fig. 8(b) for method 2 show that both of the new sounds 
were more pleasant than the other sound stimuli of Table 2. 
This result was confirmed by a further investigation carried 
out on 20 new subjects; see Table 3. The additional subjects 
consisted of ten males and ten females. All subjects were 
chosen randomly from the students and employees of Luleå 
University. The hearing of each subject was tested and 
found to be normal. 

The experimental procedure was similar to the paired-
comparison procedure described previously. All sound-
stimuli pairs (see Table 3) were presented randomly both in 
AB and BA sequences to determine the reliability of the 
annoyance judgments. The reliability of the judgments was 
found to be 100%, meaning that the judgments were iden
tical for both sequences. 

Table 3 shows that stimulus 9 was the least annoying to 
the subjects. Stimulus 10 was also less annoying compared 
with the original sound stimuli. A probable reason why 
stimulus 9 was judged least annoying was the fact that its 
spectrum had low kurtosis and low sound-pressure levels in 
the ear resonance range. Regression coefficients for the pre
diction model in Fig. 6 indicated that increasing the sound-
pressure levels at low frequencies and decreasing the 
sound-pressure levels at high frequencies would minimize 
annoyance. This conclusion is consistent with the fact that 
human beings are more sensitive to high-frequency sounds 
than low-frequency sounds.27 Figure 9 shows the one-third-
octave-band sound-pressure levels for the least-annoying 
sound of stimulus 9 compared with the spectrum of the 
original engine sound of stimulus 6. 

5. CONCLUSIONS 

The annoyance of the sound produced by a diesel engine 
operating at idle power was studied. Principal Component 
Analysis (PCA) and Partial Least-Squares (PLS) methods 
provided extensive possibilities for examining data with re
spect to subjective annoyance judgments and to the physi
cal characteristics of test sounds, each of which had an 
A-frequency-weighted sound level of 80 dB. A total of 15 
psychoacoustic descriptors was considered in the develop
ment of a prediction model for annoyance response. No 
combination of the 15 descriptors could accurately and ad
equately define the annoyance judgments of all the sound 
stimuli. 

TABLE 3 - Annoyance-response scores of 20 subjects to each of six 
pairs of diesel-engine sounds. "A" represents the annoyance-
response score to the first sound in a pair of stimuli; " B " 
represents the annoyance-response score to the second sound. 

Stimulus numbers A more B more A & B 
in a pair annoying annoying equal 

1 and 9 20 0 0 
6 and 9 20 0 0 
4 and 9 17 1 2 
1 and 10 20 0 0 
6 and 10 20 0 0 
4 and 10 10 6 4 
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One-third-octave-band sound-pressure levels for stimu

lus 6 (normal cold-idle diesel engine sound) and addi

tional stimulus 9 (judged by 20 subjects as least annoy

ing). • =stimulus 6 and 0= stimulus 9. 

evaluate the annoyance of the spectrum of the sound pro
duced by modifications that might be considered for the 
particular diesel engine that was studied. Both prediction 
models could serve as tools to evaluate the annoyance of a 
modification to the sound from the engine. 
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Fig. 8 - Observed and predicted annoyance judgments for the 8 

sound stimuli of Table 2 and the 2 additional sounds in 

stimuli 9 and 10. Results for the prediction model based 

on critical-band sound-pressure levels (a) and loudness, 

kurtosis, and ear resonance range (b). Numbers by the 

data points indicate the sound stimulus number. Nota

tions mfor male and f for female subjects. 

An improved annoyance-judgment prediction model was 
developed by introducing a new descriptor called ear reso
nance range for human hearing. The improved prediction 
model was based on loudness, kurtosis, and ear resonance 
range. 

A further improvement to the annoyance prediction 
model was developed on the basis of critical-band sound-
pressure levels. This second model provides a means to 
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1. INTRODUCTION 

Annoyance response to engine sound is often studied by means of 
personal judgements on observed stimuli. Various methods have been 
developed to determine the subjective judgements by means of a 
unidimensional rating. In the present study, three types of rating methods 
are considered, namely paired comparisons method [1], equal-appearing 
intervals method [2], and successive intervals method [3,4]. 

The main drawback of the paired comparisons method (PCM) is to get 
a reliable judgment from the subjects for a large number of stimuli [5]. A 
solution to this problem is to use a scaling method that requires only one 
judgement for each stimulus, for example, the method of equal-appearing 
intervals (MEAI) or the method of successive intervals (MSI) [2-4]. 

Various psychoacoustic (PA) descriptors relating annoyance to engine 
sounds have been defined in the literature [6,7]. The objectives of this 
study are (i) to observe the difference in annoyance judgments between 
the rating methods and (ii) to determine which method gives the highest 
correlation between annoyance response and PA descriptors. 

2. EXPERIMENTAL METHODS 

Subjects 
Sixty subjects (30 males and 30 females), age ranging from 20 to 47 
years, were participated in the listening test. An equal number of trained 
and untrained listeners were chosen from staffs and students of the 
university. A hearing test was given to each subject and found to be 
below 20 dB in each octave band from 125 Hz to 8 kHz. 
Stimuli Preparation 
Sounds were recorded in a hemi-anechoic room at different speeds and 
loads (Table 1). An MS stereo-microphone (Neuman 61fet) [8] was 
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placed at a distance of 1 m from the center of the engine with a height of 
1 m from the ground. The structures of the diesel and ethanol engines 
were identical (11 liter, 6 cylinder in-line). 

For the PCM three separate subtests A, B, and C were used. Each 
subtest consisted of five separate sounds together with a common sound 
(stimulus no. 16 in Table 1). Subtest A consisted of stimuli numbers 3, 4, 
11, 12, 13, and 16. Subtest B consisted of stimuli numbers 1, 2, 7, 9, 10, 
and 16. Subtest C consisted of stimuli numbers 5, 6, 8, 14, 15, and 16. 
Twenty subjects with an equal number of males and females participated 
in each subtest. 
Procedures Table 1 - Description of sound stimuli 
The listening test was carried out in Stimuli Recording Speed Load 
an anechoic room. All recorded No. Condition (rpm) (Nm) 
sounds were presented through a 
pair of loudspeakers. The listening 
position was kept constant for all 
subjects. All sounds were 
presented at a reduced level of 17 
dB from the original sound 
pressure level and thereby 
corresponding the distance of 7.5 
m from the engine (ISO 362). All 
subjects appeared in both tests of 
equal-appearing intervals and of 
paired comparisons. 

Each subtest in PCM consisted 
of fifteen pairs of sounds stimuli. 
After presenting each pair, the 
subject gave a rating on how much more annoying one stimulus was 
compared to the other or if they were equal. Each judgment was recorded 
on a 10 cm scale. The first two pairs were presented to familiarize with 
the listening test procedure. 

Sixteen sounds were used for MEAl. Judgment of annoyance for each 
sound was recorded on an eleven point rating scale from "not at all 
annoying" to "very much annoying". The task of the subject was to judge 
the degree of annoyance expressed by each sound. The first four sounds 
were presented to familiarize with the test procedure. Scale values for 
MSI were obtained from the data of MEAl [3,4]. All sounds were fed into 
the FFT based LMS CADA-X and B&K 2123 (real-time-third-octave band 
analyzer) from the listening position by a single microphone {Vz inch B&K 
4133) to measure the various objective descriptors of each engine sound. 

3. RESULTS AND DISCUSSIONS 

The consistency of annoyance judgments among the subjects in PCM 
was found to be high (>0.9). The internal consistency of MEAl was 

1 Ethanol, alpha 11" 1900 370 
2 Ethanol, alpha 11° 1900 900 
3 Ethanol, alpha 11° 1200 200 
4 Ethanol, alpha 11° 1200 900 
5 Ethanol, alpha 11° 600 20 
6 Ethanol, alpha 11° 1700 900 
7 Ethanol, alpha 9° 1500 500 
8 Ethanol, alpha 13° 1500 500 
9 Diesel, alpha 24° 1900 370 
10 Diesel, alpha 24° 1900 900 
11 Diesel, alpha 24° 1500 500 
12 Diesel, alpha 24° 1200 900 
13 Diesel, alpha 24° 1200 200 
14 Diesel, alpha 24° 1700 900 
15 Diesel, alpha 24° 600 20 
16 Ethanol, alpha 11° 1500 500 
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checked by estimating interquartile range or Q value [4] for each sound. 
The Q-value varied from 1 - 5, indicated disagreements among the 
subjects for certain sound stimuli. The disagreements were significant for 
stimuli numbers 7-9 and 11-13, and consequently also for MSI. Both 
MEAl and MSI showed a higher consistency in agreements for the 
extreme sounds than the moderately perceived sounds. The scale values 
of annoyance obtained by all three rating methods is shown in Fig. 1. All 
undiscriminating sound stimuli gave higher or lower scale value in both 
MSI and MEAl than PCM. 

A multiple analysis of variance was applied on the data of PCM in 
order to observe the relationships between the annoyance ratings and 
sex. No significant difference in annoyance judgments was observed 
between female and male subjects. A significant difference between 
sound stimuli was found at a 95% significant level. 

Principal component analysis was applied to determine the relationship 
between the scale values of three rating methods and the various PA 
descriptors. The model explained 98% of the total variance in the data by 
five significant components. Figure 2 shows the loadings plot of the first 
two components, indicating redundancy (enclosed within the oval) among 
ERR [9] and loudness (ISO 532B). Redundancy is also shown among all 
sound level measures (dB, dBA, dBB, and dBC) and periodicity [10] as 
well as between sharpness descriptors (acum and bark) [7]. Roughness 
[10] (smod) and impulsiveness (kurtosis) [11] show an independent 
behaviour as they are well separated from any of the variables. Scale 
values of PCM and MEAl are correlated to ERR whereas MSI is 
correlated to sharpness descriptors. MSI fails in describing annoyance 
significantly since the rating is strongly related to the second component. 

Partial least squares (PLS) regression was used to observe a 
relationship between PCM scale values and all independent and also to 
one of the redundant variables. The selection of the redundant variable 
was based on its higher contributions to the model. Two significant 
components of the PLS model explained 94% of the variance in the data. 
The first component was described by loudness and periodicity and the 
second component was related to sharpness and impulsiveness. Figure 3 
shows the magnitude of the descriptors in the prediction model related to 
the sound stimuli. Judges were found to be inconsistent in both MEAl and 
MSI when the sounds were perceived by periodicity and roughness. 

A prediction model based on the data of MEAl was developed by using 
PLS regression. The model explained only 80% of variance in annoyance 
response by one significant component. Both MEAl and MSI showed that 
the untrained listeners could only judge consistently when the sounds 
were perceived by loudness and sharpness or by impulsiveness. An 
earlier investigation of successive intervals and equal-appearing intervals 
methods for the trained listeners yielded a significant relationship 
between annoyance judgment and various sound stimuli [12]. 
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Fig. 3. Contributing descriptors in the prediction model related to sound stimuli. 

4. CONCLUSIONS 

A consistent judgment of annoyance response to various sound stimuli for 
trained and untrained listeners was observed by the paired comparisons 
data. Judgments of annoyance based on equal-appearing and successive 
intervals methods were only consistent for the trained listeners. Untrained 
listeners showed larger variation in annoyance rating on a unidimensional 
scale when the sounds were not perceived by loudness or impulsiveness. 
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Annoyance response to vehicle noise is commonly reported by many people in society. A need 
to improve the sound quality of vehicles is therefore apparent. The engine is one of the most 
predominant sources of vehicle noise causing annoyance. Judgments of annoyance due to 
engine noise were made by 160 subjects in five separate listening tests. An M-S (mid-side) 
stereo microphone was used to record engine sounds under idling and running conditions for 
listening Tests A - C , and E . For listening test D, two microphones were used to record engine 
sounds in stereo under idling conditions. All sound stimuli were presented to the subjects 
through a pair of loudspeakers in an anechoic room. One of the listening tests was conducted 
using a paired comparisons method and the other listening tests were conducted using a 
sequential rating method known as the method of successive intervals. A prediction model of 
annoyance response was developed by the use of principal component analysis and partial 
least-squares regression. In this case, all original annoyance scores for all five separate tests 
were transformed into a common annoyance scale. The prediction model was based on three 
psychoacoustic descriptors: loudness, sharpness, and harmonic ratio. The model was validated 
internally and also externally by three new sound stimuli. The prediction of annoyance for 
these three sounds was found to be consistent when judged by 20 additional subjects. The 
model gave good predictions of annoyance judgments for 6-cylinder in-line engine noise. 
© 1997 Institute of Noise Control Engineering. [S0736-2501(97)00504-3] 
Primary subject classification: 63.2; Secondary subject Classification: 52.3 

1. INTRODUCTION 

Traffic is one of the primary sources of noise during 
both day and night, and current conditions are considered 
unsatisfactory by a large number of residents. One of the 
predominant noise sources of vehicles, the engine, under 
idling and acceleration conditions, is the main factor caus
ing annoyance.1 

Most commonly the major objective of noise control, 
during engine and vehicle development, is to reduce sound 
emission to meet current and future legislative require
ments which are expressed in A-weighted sound levels. 
The reduction of an A-weighted sound-pressure level does 
not necessarily reduce the annoyance since vehicles emit
ting noise of equal A-weighted sound-pressure levels can 
give different annoyance responses.2'3 In order to satisfy 
the demands of residents, a minimization of annoyance due 
to vehicle noise is therefore necessary, instead of merely 
reducing A-weighted sound-pressure levels. 

Annoyance response to vehicle noise has been defined 
by a variety of psychoacoustic descriptors including: loud
ness, sharpness, impulsiveness, roughness, harmony, and 
the tonal components of the sound.1,3 Various attempts 
have been made to develop prediction models of annoyance 
response on the basis of objective measurements. All the 
models fail to satisfactorily predict the annoyance response 
of engine sound in terms of the physical characteristics of 
that sound. This is because subjective response to noise is 
extremely complex and shows considerable variation both 
between and within different exposed populations.4 

01 Acoustics Group, Division of Environment Technology, Luleå University 
of Technology, S-971 87 Luleå, Sweden. 

This paper describes a multivariate approach to quantify 
the annoyance response of engine sounds using Principal 
Component Analysis (PCA) and Partial Least-Squares 
(PLS) regression. An attempt is made to combine five dif
ferent investigations2'5'6 in order to develop a prediction 
model for engine sounds. PCA and PLS regression provide 
valuable insights into the interrelationships between psy
choacoustical descriptors and engine sound stimuli. This 
statistical approach is used (a) to extract information from 
the correlated data, (b) to remove the redundant variables, 
and (c) to decompose the measurement results into a num
ber of principal components which explain orthogonal and 
independent phenomena among psychoacoustic descriptors 
and annoyance response to the sound stimuli. A detailed 
explanation of the multivariate analysis is found in the 
literature7 as well as in an earlier investigation carried out 
by the authors.2 

2. EXPERIMENTAL METHODS 

A. Stimuli preparations 

The experiment was comprised of five different tests, 
referred to as Tests A-E. There was at least 3 months 
pause between each test except for Tests B and C. These 
two tests were run at the same time. All sounds in Tests 
A-C and E were recorded in stereo on a digital audio tape 
recorder using an M-S (mid-side) microphone8 in a hemi-
anechoic room. The microphone position was the same for 
all tests. The microphone was placed 1 m above the floor 
and also at a distance of 1 m from the center of the engine. 
The sounds in Test D were recorded on a NAGRA IV-SJ 
two-channel magnetic tape recorder in stereo using two mi-
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crophones in a hemi-anechoic room.2 M-S stereo is math
ematically equal to X-Y stereo but produces better central 
image quality.9 An M-S stereo microphone recording gives 
a natural spatial impression of the sound, especially for 
sounds of impulsive character. This technique is also 
mono-compatible, which means the response of left and 
right channels together is comparable with a single micro
phone measurement.8 

Test A consisted of various sounds recorded from in-line 
6-cylinder 11-1 ethanol and 11-1 diesel engines operating at 
various speeds and loads.5 Tests B 6 and C 6 were comprised 
of various sounds recorded from a modified 9-1, in-line 6-
cylinder diesel engine operating at idling (Test B) and run
ning conditions (Test C). 

In Test D, sounds were originally recorded from a 9-1, 
in-line 6-cylinder diesel engine operating at its nominal 
610-rev/min idle power setting." The original sound was 
electronically modified to produce various test signals. A 
total of eight sounds were presented to the subjects at a 
constant A-weighted sound-pressure level of 80 dB. 

Test E consisted of 16 sounds recorded from an original 
and a modified 9-1, in-line 6-cylinder diesel engine. The 
recordings were made at two different engine-operating 
conditions: idling and running. A total of 8 sounds were 
recorded under each operating condition. 

The whole experiment lasted more than 2 years. This 
long-term research was undertaken to identify the physical 
attributes in defining annoyance judgments for external en
gine sounds. A schematic representation of the experiment 
is shown in Fig. 1. 

B. Subjects 

A total of 160 subjects participated in the five tests. The 
total subject population had a mean age of 29.7 years. Sub
jects were chosen randomly from the University and con
sisted of students, staff, and trained listeners. Each subject 
was given a hearing test in accordance with ISO 389,10 and 
all subjects exhibited normal hearing from 125 Hz to 8 kHz 
(better than 20-dB hearing level). Thirty subjects partici
pated in each of the Tests A-C and E. Of these, 20 trained 
subjects participated in listening Tests B, C, and E. Eighty 
subjects, both students and staff, participated in Test D. An 
equal number of male and female subjects participated in 
each test. 

Q Loudspeaker 

Anechoic Room 

Listening 
Position 

Digital Audio 
Tape Recorder 

Real Time Third-Octave-

Band Analyzer 

LMS C A D A - X 

F F I Analyzer 

Fig. 1 - Schematic diagram of the experimental setup. 
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C. Procedure 

All listening tests were carried out in an anechoic room. 
Sounds were presented through a pair of loudspeakers. The 
frequency response of the loudspeakers at the listening po
sition varied within ± 2 dB from 20 Hz to 20 kHz. The 
listening position was the same for all subjects. 

Annoyance judgments for sound stimuli in listening 
Tests A-C and E were made on the basis of a sequential 
rating method known as the method of successive 
intervals.11,12 A paired comparison procedure2"13 was used 
for the listening test D. Test D was conducted first, fol
lowed by Tests A-C and E. Altogether 64 sound stimuli 
under idling and running conditions were judged by the 
subjects. Test A consisted of the sound stimuli numbers 
from 1-16, Test B of the stimuli numbers 17-27, Test C 
28-38, Test D 39-48, and Test E 49-64. 

Judgments of sound stimuli for Test A were recorded on 
an 11-point scale with linearly spaced markings ranging 
from 1 to 11. The procedure of annoyance judgments for 
sound stimuli in Tests B, C, and E was identical. All sounds 
in Tests A-C and E were presented at sound-pressure lev
els reduced by 17 dB from the original sound-pressure lev
els. The reduced levels roughly correspond to the distance 
of 7.5 m prescribed by ISO 362.14 A reduced level was 
considered since sound-pressure levels of above 95 dB ac
tivate the acoustic reflex and also cause temporary thresh
old shift among the subjects.15 In Test D, subjects were 
asked to rate how much more annoying one stimulus was 
compared with the other, or if they were equal in annoy
ance. Each judgment was recorded on an 11-point scale 
with linearly spaced markings ranging from 0 to 10. The 
distributions on the rating scale were "A is much more 
annoying" at 10, "B is much more annoying" at 0, and 
"A & B equal" in the middle of the scale at 5. The subjects 
were instructed to consider that the degree of annoyance 
increased toward the extremes. The distance along the scale 
from 0 to the marked judgment score was the result for 
stimulus A, and 10 minus the distance to the marked judg
ment was the score for stimulus B. For an equal judgment 
between a stimulus pair, a score of 5 was given for both 
stimuli. In this way, the rating of the stimulus on the an
noyance scale for each subject was calculated by summing 
all the scores in the column and dividing by the total num
ber of stimuli. Detailed descriptions of the data collection 
for listening Tests A - D can be found in previous 
investigations.5'6,2 

In Tests B, C, and E, sounds were presented to the sub
jects in two sessions. In the first session all 8 idling sounds 
were presented and later all 8 running sounds were pre
sented or vice-versa. Each sound was presented randomly 
for 7 s with a silent pause of 10-12 s. There was a 15-min 
pause between the sessions. At the beginning of each ses
sion, 3 sound stimuli were presented to familiarize the lis
teners with the listening environment. Each sound was 
judged using a 7-point scale with linearly spaced markings 
ranging from 1 to 7. Subjects were instructed to make an 
independent judgment for each sound stimulus. They were 
also allowed to repeat any sound stimulus if they had dif
ficulty making a judgment of that stimulus. 



The method of successive intervals requires each subject 
to make only one judgment for each stimulus."'12 Each 
subject judges the feelings of annoyance caused by each 
stimulus on a rating scale. Two extreme intervals are de
scribed as "not at all annoying" and as "very much an
noying" whereas the middle interval is described as "mod
erately annoying." The advantage of this method is that the 
scale values of the stimuli are based on independent judg
ments of the subjects. The method is less time consuming 
and more efficient than the paired comparisons method in 
collecting a large number of data from the subjects at the 
same time. The method of paired comparisons requires 
n(n-l)l2 judgments for the n stimuli. This method is ex
perimentally impractical when the number of stimuli to be 
scaled is large. 1 6 1 7 The successive intervals method was 
found to be as valid as the data obtained by the paired 
comparisons method. 1 1 1 2 1 6 The scale values obtained by 
the successive intervals method have been found to be lin
early related to those obtained by the method of paired 
comparisons.12'16'17 The method of successive intervals pro
vides the possibility of detecting differences among items 
which are most frequently assigned to the extremes.16,18 

The method is also suited for the analysis of absolute judg
ments when they are peculiarly distributed over the scale. 
The method of successive intervals stretches or pulls out 
the two extremes and gives an unequal interval scale in 
order to obtain a linear relationship over the complete 

11 12 

range. 

D. Estimated psychoacoustic descriptors 

In order to estimate the various psychoacoustic descrip
tors in Table 1, all sound signals were measured by a single 
B&K 4133, 12.7-mm-diam microphone at the listening po
sition, but with the subject not present. The psychoacoustic 
descriptors were evaluated either by post processing of the 
acoustical signals recorded by a Leuven Measurement Sys
tems CADA-X fast-Fourier-transform spectrum analyzer or 
by a B&K 2123 real time third-octave band analyzer. Table 
2 shows the range of the physical quantities for some of the 
most important descriptors. 

Roughness measure in asper19 was determined by the 
partial roughness in each critical band based on modulation 
frequency and depth including masking effects. Roughness 
in smod1 measures the mean degree of amplitude modula
tion of the sound in each of six octave bands with nominal 
midband frequencies from 125 Hz to 4 kHz. Fluctuation 
strength in vacil 1 9 was determined by integrating the tem
poral masking depth, AL, along the critical-band rate. The 
difference between fluctuation strength and roughness is 
that the former illustrates the case of low modulation fre
quency and the latter explains the case of high modulation 
frequency. 

Rumble noise20 is characterized by three adjacent har
monic components spaced at intervals of 0.5 engine revo
lution harmonics. The rumble noise is perceived when the 
levels of (n± 1/2) harmonics are within 3-5 dB of that of 
the nth (full-order) harmonic. In this study, a hannonic ra
tio characterizing rumble noise was determined by the av
erage difference between the rath and (n ± l/2)th harmon
ics up to the 60th harmonic: 

2P 
(1) 

where n = harmonic numbers related to the revolution fre
quency (first order) and P2 is the mean-squared narrow
band sound pressure for a specific harmonic component. 

A harmonic ratio characterizing muddiness20 was deter
mined by the average difference between the third order 
(3n) and 3n ± 1 harmonics up to the 56th harmonic: 

tf«=ioigi 2 
3/1=1 

5 2 
3n-

2Pi 
(2) 

where 3n is the third-order harmonic number in relation to 
the revolution frequency and P2 is the mean-squared 
narrow-band sound pressure for a specific harmonic com
ponent. 

Periodicity1 was determined on the basis of the indi
vidual firing frequency of the engine. 

E. Statistics 

Differences in annoyance judgments relating engine 
sound stimuli in each test were analyzed using Tukey's 
method.21 Principal component analysis (PCA) was applied 
to investigate the interrelationship among the psychoacous
tic descriptors. Partial least-squares (PLS) regression was 
then used to obtain a prediction model for the annoyance 
response. The principal components are described by load
ings and score plots. The loadings plots show the main 
relationships between descriptors whereas score plots indi
cate the contributions to the sound stimuli. The analyses 
were performed on a personal computer utilizing a com
mercial software program for statistical analyses. Spear
man's correlation coefficient for ranked data22 was used to 
observe the relationship between original and transformed 
annoyance scores and also used between observed and pre
dicted annoyance scores for test B. 

3. R E S U L T S AND DISCUSSION 

A. Analysis of subjective annoyance ratings 

The analysis of variance showed a significant difference 
in annoyance response between the various sound stimuli at 
a 95% significance level for Tests A-E. It was found that 
annoyance response increased with the increase of speed 
which increased both loudness and sharpness. The average 
consistency coefficient for the judgments of the subjects in 
Test D was 0.97. The internal consistency of Tests A-C 
and E were found to be 0.021, 0.022, 0.021, and 0.020, 
respectively. These low values indicate a high consistency 
of agreement in the annoyance judgments given by the 
subjects.12'16 

B. Data transformations 

The annoyance data for all Tests A-E were linearly 
transformed in order to fit them in one scale. The purpose 
of this transformation is to make a global model for all of 
sound stimuli in five separate tests. The transformation was 
made in three steps. First, a PLS model was developed on 
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TABLE 1 - Various psychoacoustic descriptors considered for assessing the annoyance response of the engine sounds. 

Descriptors Unit 

Sound level 

Loudness 
Sharpness 

Fluctuation strength 

Impulsiveness 
Periodicity 

Harmonic content 

A-weighted (dB) 

B-weighted (dB) 

C-weighted (dB) 

D-weighted (dB) 
Flat response (dB) 

ISO 532B (sone) 

Sharpness based on loudness (bark) 
Sharpness (acum) 

Avg. modulation from (smod) 

80 Hz to 5.7 kHz 

Based on modulation frequency (asper) 

from 15 to 300 Hz 
and modulation depth 

including masking effects 

Based on modulation frequency (vacil) 

from 4 to 20 Hz 
and masking depth of the 
temporal masking pattern 

Kurtosis 

Based on the fundamental firing (Hz) 

frequency 

Summation of all narrow-band. (dB) 
mean-square sound pressures 

from the 1st to the 61st 

odd harmonicss of 

engine firing frequency 

Summation of all narrow-band, (dB) 
mean-square sound pressures 

from the 2nd to the 60th 
to the 60th even harmonics of 

engine firing frequency 

Summation of all narrow-band, (dB) 
mean-square sound pressure 

at half-order harmonics of 

engine firing frequency 

Summation of all narrow-band, (dB) 

mean-square sound pressures 
at full-order harmonics of 

engine firing frequency 

Summation of all narrow-band, (dB) 
mean-square sound pressures 
at third-order hannonics of 

engine firing frequency 

Ratio of narrow-band, 

mean-square sound pressures 

at odd harmonics of 
engine firing frequency 

to those at even harmonics 

Ratio of all narrow-band, 
mean-square sound pressures 
at full-order harmonics of 

engine firing frequency 

to those at 
third-order harmonics 

Ratio of all narrow-band, 
mean-square sound pressures 
at half-order harmonics of 

engine firing frequency 
to those at full-order harmonics 

Ratio of all narrow-band, 
mean-square sound pressures 

at half-order harmonics of 

engine firing frequency 

to those at third-order harmonics 

A 
B 

C 
D 
F 
N 

SB 
SA 

RS 

RA 

SO 

S E 

SH 

SF 

OE 

FT 

H F 
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T A B L E 1 - (Continued.) 

Measure Descriptors Unit Abbreviaton 

Rumble noise 

Muddiness 

Ear resonance 

range 

Average level of (n ± 1/2) hannonic ratio (dB) HR 

of the 1 st to 60th harmonics, see Eq. (3) 

Average level of (3n± 1) harmonics (dB) H M 

of the 3rd to 56th harmonics, 

see Eq. (4) 

Summation of the sound-pressures (dB) ER 

in the four critical bands 

f rom (2.3 to 4.3 kHz) 

Test A using five psychoacoustic descriptors (loudness, 
sharpness, impulsiveness, harmonic ratio, and ear 
resonance-range). These descriptors were used because of 
their significant effect while modeling each test separately. 
Test A was used as a reference because of a greater range 
in loudness between the sound stimuli than any other test 
(see Table 2). The annoyance prediction of Test A in terms 
of linear regression was defined by 

Y'=- 8 .580+ 0.035*X 1 + 3 .562*X 2 -0 .110*A :3 

+ 0.069* X 4 + 0 . 0 0 1 4 * X 5 , (3) 

where Y' = annoyance response, Xt = total loudness in 
sone, X2 = sharpness in acum, X-, = impulsiveness in kur
tosis, X4 = ear-resonance-range in dB; and X5 = harmonic 
ratio in dB (rumble noise). 

In the second step, Eq. (3) was applied to obtain the two 
extreme annoyance scores [Y'iA^) and Y'iA^)], for 
each test separately. Finally, the annoyance scores, A,, for 
each test were linearly transformed on the basis of their 
extreme annoyance judgments [see Eq. (4)] . The extreme 
values in each test were considered in order to maintain the 
original rank order of that test and thereby keep the rank 
order correlation coefficient unit equal to one between 
original and transformed annoyance scores: 

Y'SK,A, + M,, t=A,B,...,E, (4) 

v _ Y ( ^ m a x ) ~ ^ (^min) 

' A = T ~ ' ( } 

M,= Y'(Amax)-K,Amax, (6) 

where Y's is the transformed annoyance score for all sounds 
in Tests A-E, A m a x is the original maximum annoyance 
score, and A ̂  is the original minimum annoyance score. 
Figure 2 shows the relationship between original annoy
ance scores and transformed annoyance scores. 

C. Principal component analysis (PCA) 

PCA was applied to examine the interrelationship be
tween all psychoacoustic descriptors (Table 1) and annoy
ance response of the sound stimuli. 

The first component described 51.8% of the total vari
ance in the data, the second accounted for 13.7%, and the 
third explained 7.4%. Altogether three principal compo
nents explained 72.9% of the variance in the data. The 
magnitude of the loadings for the first and second principal 
(nondimensional) components and also for the first and 
third principal components are shown in Figs. 3(a) and 
3(b), respectively. Component magnitude for the abscissa 
and ordinate scales were normalized by the explained vari
ance in each component. 

The interpretation of loadings data in Fig. 3(a) is that a 
descriptor with a high positive magnitude (such as loudness 
N) or negative magnitude explains more of the variance in 
data compared to those descriptors with a small positive or 
negative magnitude such as roughness (RS). Roughness 
(RA) and the ratio of odd and even harmonic order measure 
are shown to be close to zero, indicating their non-
significance in these components. In the second component, 
impulsiveness (K) and all harmonic measures have higher 
magnitudes but show no relationship with annoyance re-

TABLE 2 - The range of physical quantities for several descriptors in all Tests A-E . 

Descriptors Test A Test B Test C Test D Test E 

Flat response 83.4-64.7 75.5-70.7 86.4-76.4 81.1-80.2 86.1-71.3 
A-weighted 83.5-63.4 74.7-69.4 86.1-75.2 80-80 86.3-71.3 
Loudness 76-22.1 32.4-22 66.3-32.5 54-49 66-32.6 
Ear resonance range 81.3-61.7 64.2-59.9 76.4-63.9 77-65.5 77.2-60.5 
Sharpness 1.6-1.33 1.47-1.4 1.66-1.4 1.77-1.22 1.52-1.4 
Impulsiveness 4.8-2.7 2.9-2.1 2.1-1.5 6.7-4 4.7-1.5 
Fluctuation strength 0.1-0.04 0.2-0.05 0.1-0.03 0.3-0.2 0.3-0.2 
Roughness (RA) 0.1-0.02 0.1-0.03 0.1-0.02 0.1-0.03 0.1-0.02 
Roughness (RS) 16.5-10.4 12.8-11.7 13-8.2 16.8-14.6 13-10.2 
Rumble noise 7.8-2.6 6.8-1.8 7.9-3.3 5.6-3.3 6.3-1.2 
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Fig. 2 — Original and transformed annoyance scores for all tests A-E. 
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sponse (AN) since the magnitude of annoyance is close to 
zero. 

Harmonic ratio (rumble noise HR) and sharpness (SA or 
SB) show higher positive and negative loadings in the third 
component as shown in Fig. 3(b). This component is also 
related to the variance of annoyance response. Impulsive
ness is shown as a non-significant descriptor since the mag
nitude of this descriptor is close to zero. 

-0.1 0 0.1 
component 1 

-0.2 -0.1 0 0.1 
component 1 

0.2 

Fig. 3 - Loadings plot of the first and second components of the 

Principal Component Analysis (a), loadings of the first 
and third components (bj. X and ¥ scales for the insert 

box are from 0.17 to 0.19 and 0.033 to 0.043 for (a). X 

and Y scales for the insert box are from 0.16 to 0.19 and 

0.005 to 0.035 for (b). Both axes were scaled by the 

explained variance in each component. The annoyance 

judgment scores are indicated by AN. Groupings of re

lated descriptors shown enclosed within ovals. 

The loadings plot in Fig. 3(a) also indicates redundancy 
among certain descriptors as shown by the ovals enclosing 

three groups. Redundancy and strong relationship between 
the variables are shown when the loadings for a group of 
variables are all about the same. Sharpness in acum 2 3 and 
bark 2 4 were in one group, and loudness,2 5 ER, 2 all sound 
level measures, and all summation of harmonic measures 
were in the other group. The third group consisted of all 
harmonic measures. There is shown to be a relation among 
impulsiveness2 6 (K), roughness1 (RS) and fluctuation 
strength (FS). This is due to the broadband measurement of 
impulsiveness that seems to describe the modulation phe
nomena related to the variation of the lower harmonics. 

Loudness (N) and harmonic ratio (rumble noise HR) 
showed the highest positive loadings in their respective re
dundant group, as they are shown in components 1 and 3, 
see Fig. 3. This indicates that the first component is ex
plained by loudness, the second component is explained by 
modulation phenomena, and the third component is ex
plained by sharpness and harmonic ratio (HR). 

The score plots of the first and third components are 
shown in Fig. 4 since they show a relationship with annoy
ance response. The interpretation of the score plots is that 
sound stimuli with a high positive or negative magnitude 
have a strong effect on annoyance response. As an ex
ample, positive magnitude indicates high loudness whereas 
negative magnitude yields low loudness because the values 
of all variables are mean-centered. The scores of the sound 
stimuli in Test D indicate a low contribution to the first 
component. Annoyance responses to these sound stimuli 
are well described by the third component, that is, by har
monic ratio (HR) and sharpness, as shown in Fig. 4(b). 

D. Partial least squares (PLS) 

The relationship between the psychoacoustic descriptors 
and the annoyance responses were evaluated using PLS re
gression. In this case, only the descriptors that had the high
est loadings in the components of PCA (Fig. 3), were con
sidered. In order to simplify the model, the redundant 
variables observed in Fig. 3 were removed. The PLS model 
was developed on the basis of loudness (N), sharpness 
(SA), and harmonic ratio (HR). The model explained 
92.2% of the total variance in the annoyance data by two 
significant components. The first component explained 
89.7% and the second component described 2.5%. The 
standard error for the model was 0.14. The first component 
is explained by loudness and sharpness which show a rela
tionship to the variation in speeds. The second component 
is described by sharpness and harmonic ratio, particularly 
for the sound stimuli of low loudness. Roughness (RS), 
periodicity (P), impulsiveness (K), and fluctuation strength 
(FS) did not improve the predictability of annoyance, 
which was expected, since they had lower loadings in the 
PCA as shown in Fig. 3. 

The annoyance prediction model in terms of linear re
gression is defined by 

Y = ß0 + ßlXl + ß2Xx + ß2X3 (?) 

where Y= annoyance response, Xj=total loudness in sone, 
X2=sharpness in acum, and X 3 =harmonic ratio in dB 
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diction model based on total loudness (sone), sharpness 

(acum), and harmonic ratio (rumble noise); see Eq. (7). 

Loudness = A 55 sone, sharpness=A0.55 acum, and har

monic ratio = A6.7 dB. All X variables are scaled to 

have unit variance and centered to zero. 

(rumble noise). The constant of proportionality ß0 was 
2.4931. Regression coefficients of the annoyance prediction 
model are shown in Fig. 5. The figure shows harmonic ratio 
(HR) to be the least significant variable in the model. This 
is due to the fact that this harmonic behavior is only ob
served where the sound stimuli are not dominated by loud
ness (for instance, the sound stimuli for Test D and some of 
the idling sound stimuli). 

E. Internal validation of the prediction model 

The PLS model was validated internally in three steps. 
First, the model was checked by randomly splitting the 
transformed data into two halves. The model developed on 
one half of the samples was tested on the other half. The 
first half of the data explained 96.1% of the annoyance data 
by the two significant components, with a standard error of 
0.13. The second half of the data explained 94.4% of the 
annoyance data by the two significant components, with a 
standard error of 0.12. 

In the second step, the effect of the three significant 
descriptors (N, SA, and HR) were tested on all original 
annoyance scores in Tests A-E separately. In Test A, 
92.6% of the total variance in the annoyance data was ex
plained by two significant components, with a standard er
ror of 0.25. Figure 6(a) shows observed and predicted an
noyance response for Test A. In Test B, 94.4% of the 
annoyance data was explained by one significant compo
nent, with a standard error of 0.03. In Test C, 96.1% of the 
annoyance data was explained by two significant compo
nents, with a standard error of 0.12. Observed and predicted 
annoyance responses for Tests B and C are shown in Fig. 
6(b). In Test D, 96.0% of annoyance data was explained by 
two significant components, with a standard error of 0.07. 
In Test E, 99.1% of annoyance data was explained by two 
significant components, with a standard error of 0.06. Ob
served and predicted annoyance responses for Tests D and 
E are shown in Figs. 6(c) and 6(d). 

The annoyance model for Test D could be improved 
further by adding the ER descriptor. After inclusion of ER, 
the model explained 99.2% of the variability in the annoy
ance data by the two significant components, with a stan
dard error of 0.03. The reason for such improvement of the 
model is that the sound stimuli in this test were electroni
cally modified to observe the effect of dimensions other 
than loudness.2 The ER descriptor was found to be signifi
cant in defining the annoyance of a sound stimulus where 
the loudness is not dominant.2 

In the final step of the intemal validation, a rank order 
correlation test22 was applied to observe the relationship 
between observed and predicted annoyance scores for 
transformed data in each test separately; shown in Table 3. 
The table shows that the correlation coefficients are high 
for all tests except for Test B. The reason might be that this 
test group consisted of idling sounds where there were very 
small variations in loudness and thereby transformations of 
annoyance data in this test were not as well correlated as 
shown in other tests (see Fig. 2). On the other hand, ob
served and predicted annoyance scores for transformed data 
in Test B reveal insignificant differences between observed 
and predicted scores; as shown in Fig. 7. 
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F. External validation of the prediction model 

External validation of the annoyance prediction model 
was checked by introducing three additional sound stimuli, 
denoted as stimuli numbers from 65-67. The new sound 
stimuli were recorded from a 9-1 in-line 6-cylinder diesel 
engine. A description of these three sound stimuli is shown 
in Table 4. Figure 8 shows that the predicted annoyance 
ratings of the sound stimuli 66 and 65 are higher than any 
other sound stimuli. On the other hand, the prediction of the 
third new sound stimulus (67) is rather close to the sound 
stimuli of 57 and 59, as shown in the enclosed oval in Fig. 

8. The predictions of annoyance scores for the three sound 
stimuli 57, 59, and 67 are all about the same as 2.7. 

The predictions of the three new sound stimuli were 
confirmed by presenting these sound stimuli together with 
sound stimuli 57 and 59 in pairs to 20 new subjects; see 
Table 4. The additional subjects consisted of ten males and 
ten females. All subjects were chosen randomly from the 
students and employees of Luleå University. A hearing test 
of each subject was taken and found to be normal. The 
listening procedure was similar to the original except all 
sound stimuli were presented in pairs2 randomly both in 
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TABLE 3 - Spearman's rank order correlation coefficient between trans
formed and predicted annoyance scores for Tests A - E . 

Test 
Rank order correlation 

coefficient Significance level 

A 0.912 0.0004 
B 0.779 0.0138 
C 0.984 0.0019 
D 0.964 0.0038 
E 0.962 0.0002 

AB and BA sequences to determine the reliability of the 
annoyance judgments. The reliability of the judgments was 
found to be 100%, which means that the judgments were 
identical for both sequences. 

Table 4 shows that stimulus 66 was the most annoying 
to the subjects and stimulus 65 was the second most annoy
ing. All subjects judged stimulus 67 almost equal to stimuli 
57 and 59. This result confirms the prediction of annoyance 
response by the model. Stimuli 57 and 59 were judged 
equal to stimulus 67 although their speeds and loads were 
higher than those of stimulus 67. This observed difference 
was a result of a change in the sound character due to 
structure modifications of the same engine. 

TABLE 4 - Annoyance-response scores of 20 subjects to each of five 
pairs of diesel engine sounds. " A " represents the 
annoyance-response score to the first sound in a pair of 
stimuli; " B " represents the annoyance-response score to the 
second sound. 

Stimulus 
Description of numbers in A more B more A & B 
sound stimuli a pair annoying annoying equal 

A l9-1, 2100 rpm 66 and 20 0 0 
with 864 Nm 2 

"11-1, 1900 rpm 
with 900 Nm 

A ) 9- l , 1100 rpm 65 and 20 0 0 
with 915 Nm 2 

8 111-1, 1900 rpm 
with 900 Nm 

A ) 9- l , 2100 rpm 66 and 20 0 0 
with 864 Nm 65 

E , l l - 1 . 1100 rpm 
with 915 Nm 

A ) 9- l , 500 rpm 67 and 1 2 17 
with 200 Nm 59 

B ) 1 M , 800 rpm 
with 370 Nm 

A ) 9- l , 500 rpm 67 and 1 1 18 
with 200 Nm 57 

B , l l - 1 , 800 rpm 

with 800 Nm 

4. CONCLUSIONS 

The annoyance response to the sound stimuli produced 
by three heavy-duty truck diesel engines operating at idling 
and running conditions were studied. A total of 160 sub
jects participated in five different listening tests. Principal 
Component Analysis (PCA) and Partial Least-Squares 
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Fig, 7 - Observed and predicted annoyance scores for trans

formed data in Test B. 
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(PLS) methods were applied to the data with respect to 
subjective annoyance judgments and to the physical char
acteristics of test sounds. An attempt has been made to 
develop a prediction model of annoyance response for 

0 ' 1 1 1 ! ' 1 1 1 1 1 1 1 . I 
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Fig. 8 - Observed and predicted annoyance judgments for the 64 

sound stimuli of Tests A-E and the 3 additional sounds 

stimuli 65, 66, and 67. Stimulus 67 is shown in enclosed 

oval. Results for the prediction model based on loudness, 

sharpness, and harmonic ratio (rumble noise). Numbers 

at the data points indicate the sound stimulus number. 



6-cylinder in-line diesel engines. Annoyance scores for 
each test were linearly transformed in order to include all 
five separate tests into a common scale. Altogether 26 psy
choacoustic descriptors were considered in the develop
ment of the prediction model. The tests and data analyses 
reveal that the three descriptors namely loudness, sharp
ness, and harmonic ratio (rumble noise) can be used to 
model annoyance response. The model was externally vali
dated with three additional sound stimuli and was found to 
give a good prediction of annoyance response due to 6-
cylinder in-line diesel engine noise. 
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INTRODUCTION 

A fundamental issue of sound quality analysis is the correlation of subjective responses with its 
objective parameters. Such studies are usually performed in laboratory conditions. It is, 
therefore, important to record and reproduce with true images of sound. Sound is often recorded 
using either binaural technique or the two-channel stereo technique. Binaural recorded sounds 
are usually presented by headphones whereas stereo-recorded sounds are presented by a pair of 
loudspeakers. The advantage of the binaural technique is that it produces stimuli with the same 
quality as those of a real life situation with respect to: the direction of sound incidence, distance 
of the sound source, tone of the sound and other perceived qualities of the sound1. However, the 
fundamental problem of binaural technique is to obtain correct frontal localization. Sound 
sources that are originally in the frontal hemisphere are often perceived as being behind the 
listener. One explanation of this phenomenon is that the human head and pinnae vary with 
individuals and thus recording merely with the listener's own pinnae may guarantee proper 
frontal localization2. On the other hand, reproduction through loudspeakers gives a natural 
feeling of the listening environment that is virtually absent in the case of the binaural 
reproduction technique. 

In this study, stereo recordings were made by using an orthostereophonic microphone 
configuration3 (OSS) whereas an artificial head (AH) was used for binaural recordings. The 
OSS technique has similarities to binaural recording technique. The distance between the two 
microphones was about the same as the distance between the ears. The sound that comes from 
angles other than frontal incident is corrected by a transfer function related to the shadow effect 
caused by the circular disc which is mounted between the microphones. OSS technique gives a 
linear response in case of sound in frontal incident which is different in case of dummy head 
recording. The OSS technique is only useful when the sound source is balanced and the proper 
acoustical environment is present3. 

The study utilizes the external vehicle noise of a diesel engine in free field conditions. A 
number of psychoacoustic descriptors are considered in order to describe the annoyance 
response of the engine sounds. Multivariate analysis4 is applied to quantify the annoyance of 
sound stimuli using Principal Component Analysis (PCA) and Partial Least Squares (PLS) 
regression. The objectives of the investigation are (a) to see which method of reproduction 
techniques is preferred by the subjects, (b) to determine whether both techniques give similar 
annoyance prediction models and (c) to observe whether there is any difference in annoyance 
judgments between experienced and inexperienced subjects. 
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2. EXPERIMENTAL METHOD 

Subjects. Thirty subjects were randomly selected from the university. Half of the subjects (8 
males, 7 females) had experience of acoustic tests studied previously and their age ranged from 
25 to 51 years. The other half of the subjects (8 males, 7 females) had no previous experience of 
acoustics tests and their age varied from 19 to 36 years. Subjects were screened for normal 
hearing with an audio metric test in the range of 125 Hz to 8 kHz 5. 

Stimuli preparation. The sounds were recorded from an 11-L, 6 cylinder in-line diesel engine 
on a digital audio tape (DAT) recorder, using both AH (Brüel & Kjær 4100 head and torso 
simulator) and OSS (Jecklin-type disc) recording techniques. In both cases, ten engine sounds 
with various speeds and loads were recorded in a hemi-anechoic room. The recording conditions 
were the same for both recording techniques. The microphones for OSS and the artificial head 
were placed at a distance of lm from the center of the engine and the height was l m from the 
ground. Al l AH sounds were recorded using free field equalization (Briiel & Kjaer Sound 
Quality Conditioning Amplifier 2672). 

The Jecklin-type disc (0 300 mm) for OSS was made with thick foam on both sides. Thin 
absorbent cloth covered all the foam to avoid the reflection of high frequency sound from the 
disc. The microphone configuration was assembled with two B&K 4165 (Vz inch) microphones 
with a space of 165 mm to produce the proper „. , „ , , , ^ „ „ 

j . , . . , . _. , Figure 1. Sketch of OSS microphones 
time delay between the channels, see Figure 1. ° _ . „ . , . , , , . „ , 

configuration. Side view (a) and top view (b). 

Experimental procedure. The listening tests 
were carried out in an anechoic room on two 
sessions. The listening test either began with AH 
recorded sounds which were followed by OSS 
recorded sounds or vice-versa. Ten sounds were 
presented randomly to the subjects on each 
session. 

The listening position during loudspeaker 
reproduction was the same for all subjects. The 
response of both loudspeakers at the listening 
position was found to be flat and varied within limits of accuracy of ±2dB from 20 Hz to 20kHz. 
The headphones (Sennheiser, HD 580 Precision) for the AH sounds were equalized for free field 
conditions. Al l AH and OSS sounds were presented at reduced sound pressure levels which was 
17 dB below the original sound pressure levels. The reduced levels roughly correspond to the 
distance of 7.5 m prescribed by ISO 3626. This reduction was considered due to the fact that a 
sound pressure level above 95 dB activates the acoustic reflex and may also cause temporary 
threshold shift among the subjects7. 

Annoyance judgments for all sound stimuli in both listening tests were made on the basis 
of a sequential rating method known as the method of successive intervals8. After presenting 
each sound, subjects judged their feelings of annoyance on a 7-point scale with linearly spaced 
markings from 1 to 7. The two extreme points on the rating scales were marked as "not at all 
annoying" and as "very much annoying" whereas the middle of the scale was described as 
"moderately annoying". Each sound lasted for 7 seconds. There was a silent pause of 10 s 
between the sounds. Each listening test began with four sounds on the basis of the trial in order 
to familiarize the subject with the test procedure and the original tasks followed. Subjects were 
instructed to give an independent judgment for each sound. They were also allowed to repeat 
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any sound i f they had difficulty in judging the sound stimulus. At the end of the tasks, subjects 
were asked which of the reproduction techniques (headphones or loudspeakers) used during the 
listening tests they preferred and the reasons for their preferences. 

To measure the various objective descriptors, all AH recorded sounds were fed directly 
from the DAT-recorder into a FFT-based measurement system (LMS CADA-X) and into a real
time third-octave band analyzer (B&K 2123). OSS recorded sounds were, however, fed into the 
LMS and B & K analyzer from the listening position by a single microphone (Vi inch B&K 4133) 
but the subject being present. Psychoacoustic descriptors are estimated in real-time by post 
processing of the recorded acoustical signals. 

RESULTS AND DISCUSSION 

Analysis of annoyance response. The Analysis of Variance shows no significant difference in 
the judgements of annoyance between OSS and AH recorded sounds (p>0.05). There are 
significant differences in annoyance judgments between sound stimuli as well as between 
experienced and inexperienced subjects (p<0.05). There were no significant interaction effects 
observed with respect to recording techniques, listeners and sound stimuli (p>0.05). On average, 
judgments of annoyance for OSS recorded sounds were slightly higher than AH recorded 
sounds. The reason might be either that perception of the OSS sounds for loudspeaker 
reproduction was influenced by the body feelings which was absent in the case of headphone 
reproduction for A H sounds, or that the sound pressure levels for both recorded sounds were not 
the same. The interquartile ranges of annoyance judgments for OSS sounds were from 0.15 to 
0.52 whereas for A H recorded sounds were from 0.26 to 0.67. This indicates that judgments for 
OSS recorded sounds were slightly more consistent than judgments for AH recorded sounds. 
The rank order correlation coefficient between the judgement of OSS and of AH recorded 
sounds was 0.985. 

Figure 2 shows the annoyance response of sound stimuli for both listeners. The average 
annoyance ratings of the sound stimuli for inexperienced subjects are higher than for the 
experienced subjects in both recording conditions. 

Figure 2. Mean annoyance ratings of AH and OSS recorded sound stimuli for 
experienced subjects (a) and for inexperienced subjects (b). The description of 
each sound is labelled by speed and load (rpm,Nm). 
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Evaluation of predictability. In order to determine whether the predictability of annoyance 
responses for both recording techniques are similar, a total of 27 psychoacoustic descriptors 
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were used. Principal component analysis (PCA) was applied to all psychoacoustic descriptors 
and to annoyance responses of all AH sound stimuli in order to evaluate their relationship. In 
this case, the average value of each descriptor for both channels was considered. Altogether four 
principal components explained 92.1% of the variance in the data. The first component 
explained 64.3%, the second component described 12.8%, the third component accounted for 
8.2%, and the fourth component described 6.8% of the variance in the data. 

Figure 3 (a) shows the loadings plot of the magnitudes of the first and second principal 
components. The plot indicates redundancy among certain descriptors as shown by the ovals 
enclosing three groups. Redundancy is shown between the descriptors when the loadings for a 
group of descriptors are all about the same. Al l the level measures (F, A, B, C, and D), speech 
interference level9 (SL), loudness (N), ear resonance range10 (ER) and all harmonic measures 
(SO, SE, ST, SF and SH) in one group whereas sharpness acum (SA) and bark (SB) are in the 
other group. The third group consists of all harmonic ratios (HR, HM, HT, HF, OE) and 
roughness in asper (RA) and in smod (RS). Fluctuation Strength (FS) and composite rating of 
preference11 (CR) are shown close to zero for the first component indicating insignificant effect 
on the model and thereby kurtosis (K) and crest factor (CF). A similar explanation of loadings 
plot for OSS recorded sound stimuli could be seen in Figure 3 (b). A detailed description of the 
descriptors is found in the earlier investigations carried out by the authors12. 

The PCA for A H recorded sounds indicates {see Figure 3 (a)} that the first component is 
related to loudness and sharpness whereas the second component is related to sharpness and 
fluctuation strength. The remaining components are explained by harmonic ratio; mainly by 
rumble noise (HR). On the other hand, PCA for OSS recorded sound stimuli indicates {see 
Figure 3 (b)} that the first component is related to loudness, the second component is explained 
by sharpness and the remaining components are related to harmonic ratio (rumble noise, HR). 

Figure 3. Loadings plot of the first and second components of PCA for AH recorded sound 
stimuli (a) and for OSS recorded sound stimuli (b). AN is annoy ace response. 
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The relationship between the psychoacoustic descriptors and the annoyance responses 
were evaluated using PLS regression. In this case, only the descriptors that had higher loadings 
in the PCA were considered. The redundant variables that were observed in Figure 3 were 
removed in order to simplify the PLS model. The model was developed on the basis of loudness, 
sharpness (acum) and harmonic ratio (rumble noise, HR). 
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In the model for AH recorded sound stimuli, 96.8% of the total variance in the annoyance 
data was explained by two significant components (1st component 95.4% and 2nd component 
1.4%), with a standard error of 0.14. The first component is described by loudness and sharpness 
which are related to the speed (rpm) variation. The second component is related to the harmonic 
ratio but seems to be negligible since the explained variance is very low. The harmonic ratio 
describes the effect of low frequency hannonic components on the sound perception. Roughness 
(RA and RS), and impulsiveness (K), did not improve the predictability of annoyance response 
due to their lower loadings as shown in Figure 3. Though fluctuation strength showed higher 
positive loadings for the second component in Figure 3 (a) but could not be included in the 
model instead of sharpness because it gave negative correlation coefficient. The PLS model 
based on the both channels for AH sounds gave a roughly similar prediction (described 93% of 
the annoyance data). Figure 4 (a) shows the predicted annoyance responses for A H sound 
stimuli. The prediction model of AH recorded sound stimuli in terms of linear regression is 
defined by: 

Y = -9.5796 + 0.05443 X, + 6.2426 X2 + 0.04095 X3 (1) 
where, Y = annoyance response; X\ = total loudness in sone; X2 = sharpness in acum; Xi = 
harmonic ratio in dB (rumble noise). 

The model for OSS recorded sound stimuli explained 97.2% of the total variance in the 
annoyance data by two significant components (1st component 92.1% and 2nd component 
5.1%), with a standard error of 0.12. The first component is related to loudness and sharpness 
and the second component is related to harmonic ratio. Figure 4 (b) shows the predicted 
annoyance responses for OSS sound stimuli. The prediction model of OSS recorded sound 
stimuli in terms of linear regression is defined by: 

y = -12.773 + 0.086958 X, + 8.4308 X2 + 0.061821 X3 (2) 
where, Y = annoyance response; Xi = total loudness in sone; X2 = sharpness in acum; X3 = 
harmonic ratio in dB (ramble noise). 

The PLS model for A H recorded sound stimuli indicated that sounds were perceived on 
the basis of loudness and sharpness. On the other hand, OSS recorded sounds were perceived by 
loudness and sharpness as well as by low frequency (harmonic ratio, HR) which might be 
related to the body feelings. 

Subjects gave higher preference for loudspeaker reproduction (57%) than for headphone 
reproduction (43%). Those who preferred loudspeaker reproduction reported that loudspeaker 
reproduction was more natural and gave feelings of presence in the real situation. Most of the 
subjects who preferred headphone reproduction mentioned that they liked headphone 
reproduction because they always listened to music using headphones. 

CONCLUSIONS 

Judgments of annoyance for diesel engine sounds were evaluated by artificial head and 
stereophonic recording techniques. Stereophonic recorded sounds were played back by 
loudspeakers whereas AH recorded sounds were played back by headphones. Ten engine sounds 
at various speeds and loads were recorded in free field conditions using both techniques. Thirty 
subjects with equal numbers of experienced and inexperienced subjects performed the listening 
tests. Prediction models were developed by Principal Component Analysis and Partial Least 
Squares regression for both recording techniques. The models showed three significant 
descriptors, namely loudness, sharpness (acum) and hannonic ratio (ramble noise) to describe 
annoyance of engine sounds. The prediction model for AH recorded sounds showed that 
perception of the sounds when using the headphones mainly comprised loudness and sharpness. 



48 SOUND QUALITY SYMPOSIUM 98, YPSILANTI, MI, APRIL 9 

On the other hand, OSS recorded sounds were perceived as loudness and sharpness as well as 
low frequency (harmonic ratio, H R ) which might relate to the body feelings. No significant 

difference in annoyance judgments related to the different recording techniques was found and 
both techniques gave similar predictions of annoyance. It was also found that inexperienced 

subjects expressed higher annoyance than experienced subjects. Subjects gave slightly higher 

preference for loudspeaker reproduction than for headphone reproduction. 

Figure 4. Observed and predicted annoyance judgments for AH recorded sounds (a) and for 

OSS recorded sounds (b). Results for the prediction model based on loudness, 

sharpness, and harmonic ratio (rumble noise). Numbers at the data points indicate 

the sound stimulus number. 
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INTRODUCTION 
One important objective in sound quality analysis is to obtain long-term consistency in the judgment of sound 
stimuli. The quality of the sound is often judged in terms of annoyance, either by a sequential rating method 
or by a paired comparison method. 

The judgments of annoyance for engine sounds are often made either by experienced or naive listeners. 
There is, however, a dispute among the researchers that the judgments may not be consistent if listeners make 
the judgments in various sessions. 

This study is conducted in laboratory conditions where stereophonic recorded (Jecklin-disc) engine 
sounds are played back through a pair of loudspeakers. The objectives of this study are (i) to test the long-
term consistency of annoyance judgments for engine sounds, (ii) to see whether annoyance judgments differ 
between naive and experienced listeners and (iii) to determine whether annoyance judgments in two listening 
sessions give similar prediction models. 

EXPERIMENTAL METHOD 
Subjects. A total of thirty subjects with an equal number of male and female subjects participated in the 
subjective evaluations. Half the subjects were experienced listeners and half the subjects were naive. All 
subjects were randomly selected from the university and their ages varied from 19 to 51 years. Each subject 
was given a hearing test and exhibited normal hearing better than 20 dB in each octave band from 125 Hz to 8 
kHz1. 

Stimuli preparation. Sounds were recorded from an 11-L, 6-cylinder in-line diesel engine on a digital 
audio tape recorder using an orthostereophonic microphone configuration2. The height of the microphone and 
its distance from the center of the engine was lm. A total of ten sounds with various speeds and loads were 
recorded in a hemi-anechoic room. 

Experimental procedure. The listening test was conducted in an anechoic room. All sounds were played 
to the subjects through a pair of loudspeakers. The response of both loudspeakers at the listening position was 
found to be flat and varied within ±2dB from 20 Hz to 20kHz. The height of the ear in the listening position 
was the same for all subjects. 

All subjects performed the same listening test twice with a pause of 10 to 20 days between the sessions. 
Each listener performed listening tests at the same time of day on both sessions. All sounds were presented 
randomly to the subjects at a reduced level of 17 dB compared to the original sound pressure levels. 

Annoyance judgments for all sound stimuli in both listening tests were made on the basis of sequential 
rating method known as the method of successive intervals3. After presenting each sound, subjects judged the 
feelings of annoyance on a 7-point scale with linearly spaced rnarkings from 1 to 7. Two extreme points on 
the rating scales were marked as "not at all annoying" and as "very much annoying" where the middle of the 
scale was described as "moderately annoying". First four sounds were presented so that the test subjects could 
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familiarize themselves with the listening test procedure. Subjects were instructed to give an independent 
judgment for each sound stimulus. They were also allowed to repeat any sound if they experienced difficulty 
in making a judgment of the sound stimulus. Altogether ten sound stimuli were randomly presented to the 
subjects. Each sound lasted for 7 seconds. There was a silent pause of 10 s between the sounds. 

To measure the various objective descriptors, all sounds were measured by a single microphone QA 
inch B&K 4133) at the listening position, but with the subject not present. Sounds were fed both into an FFT 
based measurement system (LMS CADA-X) and into a real-time third-octave band analyzer (B&K 2123). All 
descriptors were determined by post processing of the recorded acoustical signals. 

RESULTS AND DISCUSSION 

The Analysis of Variance shows that there is no significant difference in annoyance responses of the sound 
stimuli between the sessions (p>0.05). There are significant differences in annoyance judgments between the 
sound stimuli as well as between experienced and naive listeners (p<0.05). There are no significant 
interaction effects observed with respect to listeners, listening sessions, and sound stimuli (p>0.05). The 
median and the quartile ranges of the judgments for both sessions are shown in Figure 1. The figure shows 
that the variance of judgments for the sound stimuli is lower during the second session than during the first 
session, indicating an increase of consistency in judgments due to practice. The interquartile ranges of 
annoyance judgments varied from 0.15 to 0.52 during the first session and from 0.14 to 0.41 during the 
second session. The rank order correlation coefficient between the judgments of both listening tests was 
0.985. The results show that the median annoyance ratings for the second session are slightly lower than the 
ratings for the first session. This indicates that the subjects were less annoyed in the second listening session. 
The reason might be that the tolerance levels of subjects increased with tests. 

Figure 1. The median and the quartile ranges of the judgments for the first session (a) and for 
the second session (b). 
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Figure 2 shows the average annoyance response of sound stimuli for both sessions of experienced and 
naive listeners. Annoyance ratings of the sound stimuli for experienced and naive subjects are about similar in 
both sessions. 

In order to determine the predictability of annoyance for both listening test sessions, a total of 27 
psychoacoustic descriptors have been estimated to see the relationships between annoyance responses and 
sound stimuli. A detailed description of these variables is found in the earlier investigations carried out by the 
authors4. 

Principal component analysis5 (PCA) was applied to all psychoacoustic descriptors and annoyance 
responses of all sound stimuli in order to evaluate their interrelationship. This is to remove the redundant 
variables and thereby make a simpler prediction model. Altogether seven principal components explained 
98.9% of the variance in the data. The first component explained 63.5%, the second component accounted 
12.4%, the third component accounted for 8.3%, the fourth component accounted for 5.8%, the fifth 
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component accounted for 3.6%, the sixth component accounted for 2.9%, and the seventh component 
explained 2.4% of the variance in the data. 

Figure 2. Average annoyance ratings for experienced listeners (a) and for naive listeners (b). 
The description of each sound is labelled by speed and load (rpm,Nm). 
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Figure 3 shows the loadings plot of the magnitudes of the first and second principal components. The 
plot indicates redundancy among certain descriptors as shown by the ovals enclosing three groups. All the 
level measures (F, A, B, C & D), ear resonance range (ER) and all harmonic measures (FT, HT, HR, & HF) 
in one group whereas sharpness acum (SA) and bark (SB) and composite rating of preference6 (CR), 
roughness in smod (RS) in the other group. The third group consists of all harmonic ratios. Roughness in 
asper (RA) and the ratio between odd and even hannonic (OE) are shown close to zero for the first 
component indicating insignificant effect in the model and thereby kurtosis (K), crest factor (CF) and 
fluctuation strength (FS). The PCA shows that the first component is explained by the loudness whereas the 
second component is explained by sharpness and the harmonic ratio (rumble noise). The rest of the 
components are also explained by harmonic behavior, mainly by rumble noise. 

The relationships between the psychoacoustic descriptors and the annoyance responses were evaluated 
using PLS regression5. In this case, only the descriptors that had higher loadings in the PCA were considered. 
The redundant variables that were observed in Figure 3 were removed in order to simplify the PLS model. 
The model was developed on the basis of loudness, sharpness (acum) and harmonic ratio (rumble noise, HR). 
The model explained 96.2% of the total variance in the annoyance data by two significant components, with a 
standard error of 0.12. The first component is explained by loudness and sharpness whereas the second 
component is described by sharpness and harmonic ratio. The observed and predicted scores of the PLS 
model are shown in Figure 4. Roughness (RA and RS), impulsiveness (K), and fluctuation strength (FS) did 
not improve the predictability of annoyance responses because of their lower loadings in the PCA. 

The PLS model was tested separately using each listening test. The model for first session explained 
96.2% of the annoyance data by the two significant components, with a standard error of 0.12. The model for 
the second session explained 98.7% of the annoyance data by the two significant components, with a standard 
error of 0.12. This indicates that prediction of annoyance for engine sounds in free field conditions is about 
similar for both listening tests. 

The observed and predicted annoyance responses differed for sound stimuli 6 and 7 in the first sessions 
but these differences were not apparent in the second sessions. This indicates that the judgements for these 
two sound stimuli were less accurate in the first session than in the second session. The reason might be that 
the variation of judgments (25% to 75% in the interquertile range) was shown to be higher in the first session, 
but was found to be lower for the second session due to practice (see Figure 1). 
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CONCLUSION 
Thirty subjects with equal numbers of experienced and naive subjects performed the repeatability test of 
annoyance judgments at two different sessions between 10 and 20 days. Ten stereophonic recorded sound 
stimuli with various speeds and loads were randomly presented to the subjects through a pair of loudspeakers 
in both sessions. The results showed insignificant difference regarding annoyance judgments of engine 
sounds between the listening tests. Annoyance ratings were higher for naive subjects than for experienced 
subjects. Principal Component Analysis and Partial Least Squares Regression were applied to analyze the 
data with respect to annoyance responses of sound stimuli and 27 psychoacoustic descriptors. Three 
descriptors were found to be significant in predicting annoyance response of engine sounds and they are 
known as loudness, sharpness (acum), and harmonic ratio (ramble noise). The result shows no significant 
difference in annoyance modeling for engine sounds in free field conditions due to different listening test 
sessions. 

Figure 4. Observed and predicted annoyance scores. 
Numbers at the data points from 1 —10 are for the 
first session and from 11-20 are for the second 
session. 
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Modeling of annoyance response to product sound is a prerequisite for sound 
quality evaluation. Partial Least Squares (PLS) regression has been widely used to 
modeling annoyance response of product noise. An alternative approach to modeling 
annoyance response to product noise is to use neural networks. Neural networks 
utilize back propagation algorithm with leaving-one-out cross validation method to 
train and predict the data set. The aim of this study is to compare PLS and neural 
networks in modeling annoyance response to engine sounds. Annoyance response to 
engine sounds was evaluated by 30 subjects. Sounds were recorded on a digital tape 
recorder from a diesel engine at various speeds and loads in free field conditions. An 
artificial head was used to record the engine sounds and the headphones were used to 
play back the sounds. Principal component Analysis (PCA) was applied to 27 
psychoacoustic descriptors in order to visualize redundant variables. PCA showed 
four significant descriptors: loudness, sharpness, fluctuation strength and harmonic 
ratio, known as rumble noise in describing annoyance response to engine sounds. 
Annoyance prediction models were developed on the basis of loudness, sharpness and 
harmonic ratio using Partial Least Squares (PLS) regression and neural networks. 
Fluctuation strength could not be included in the prediction models because of its 
negative correlation coefficient in PLS regression and poor predictability in neural 
networks. Neural networks and PLS regression gave similar predictions of annoyance 
responses. However, the prediction accuracy was higher for neural networks than for 
PLS modeling. The validations of both models were tested on additional 20 subjects 
and the results were consistent with the subjective judgments. 

PACS numbers: 43.66Lj, 43.66Yw 

INTRODUCTION 

Humans are exposed to various sounds in their daily life and the evaluation of sounds is 
influenced by many factors. These factors are basically of two kinds1: subjective (psychological) 
and objective (physical acoustics and psychoacoustics). Subjective assessment of the sound is 
based on the annoyance judgment of the particular sound. On the other hand, objective 
assessment is based on the physical measurement of the particular sound. 

Evaluation of sound quality for engine sounds requires the use of appropriate techniques 
for the sounds to be examined. This is because the key points of the evaluation depend on a 
number of different factors such as the recording and reproduction technique, the listening test, 
and suitable methods for correlating subjective and objective data. A major concern to the 
researchers is to modeling annoyance of engine sounds by using appropriate methods to find 
correlation between annoyance ratings and psychoacoustic descriptors such as loudness, 
sharpness and tonal components2"4. Multivariate analysis and neural networks are now often 
chosen with respect to modeling annoyance of engine sounds. 

This paper describes the use of multivariate analysis and neural networks for modeling 
annoyance of external engine sounds in free field conditions. The objective of the study is to 
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detennine which method yields better prediction of annoyance for engine sounds in free field 
conditions. 

A. Multivariate analysis 

With the continued spread of computers, multivariate analysis has undergone rapid 
development and become a common technique for evaluating engine sounds. A detailed 
description of multivariate analysis is described in the literature5 as well as in an earlier paper by 
the authors6. 

This statistical method utilizes principal component analysis (PCA) and partial least 
squares (PLS) regression to obtain a prediction model of annoyance responses. The main 
advantages of the PCA and PLS methods are that they can handle conelated data and can also 
provide valuable insights into the inter-relationships between psychoacoustical descriptors and 
sound stimuli. 

PCA and PLS regression results in a decomposition of the original data into a number of 
orthogonal components. These components explain the total variance in the data. The first 
component explains the maximum variance. If this component is found to be statistically 
significant, a second component orthogonal to the first is calculated. If this component is also 
significant, a third component orthogonal to both the first and second is calculated and the 
procedure is repeated until all systematic variation in data is explained7. Cross-validation8 is used 
to establish significance during the course of model development. 

For graphical evaluation of data using PCA and PLS, one primarily inspects score and 
loading plots. The score plot reveals the main pattern or the contribution of the objects (sound 
stimuli) in the data set. The loading plot shows the main relationships between the variables 
(psychoacoustic descriptors) in the data set. Redundancy and close relationships among the 
variables are shown when the loadings for a group of variables are all about the same. Plots of 
loadings and scores for PCA and PLS visualize inter-relationships and validate or correct prior 
knowledge by revealing noise in the data. 

B. Neural Networks 

Another approach to modeling annoyance response of engine sounds is to use neural 
networks. Neural networks is an effective technique that provides a non-linear algorithm with 
more efficient methods for minimizing enor than any other non-linear technique9. The idea 
behind the neural network model is the neuron of the human brain and is based on our present 
understanding of biological neural systems. The most commonly used neural network is the feed 
forward neural networks (back propagation algorithm)1 0'1 1. 

A back propagation algorithm is a multilayer perception and usually consists of at least 
three hierarchical layers of neurons: one input layer, one or more hidden layers and one output 
layer (see Figure 1). The network is connected in such a way that each layer is fully connected to 
the next layer. In other words, every neuron in the input layer will send its output to every 
neuron in the hidden layer. The number of neurons in the input layer is equal to the number of 
variables in the input data. The number of neurons in the output layer is the same as the number 
of output variables. The number of the neurons in the hidden layers can be varied based on the 
complexity of the problem and the size of the input information 1 0 ' 1 1. 

The importance of neural networks is that they offer a very powerful and very general 
framework for representing non-linear mappings from several input variables to several output 
variables. The form of the mapping is governed by a number of adjustable parameters known as 
weights, bias, and transfer functions known as sigmoid, hardlim and purely linear. The process 
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of determining the values for these parameters on the basis of the data set is called learning or 
training, and for this reason the data set is generally referred to as a training set10,11. The goal of 
the learning is to minimize the error between the desired outputs (target values or vectors) and 
the actual outputs of the network. The error minimization is done by the Least-Mean-Square 
Algorithm 1 0. 

The success of the prediction for a given data set, is best determined using a cross-
validation technique1 2 , 1 3. In this case, some portion of the data set is used to generate the 
prediction (the training set) and the predictability of this training set is tested on the remaining 
portion of the data set (the test set). 

input input hidden output output 
vector layer layer layer vector 

FIG. 1. A diagram showing the general architecture of a 3-layer back propagation network with 
five elements in the input layer, three neurons in the hidden layer and two neurons in the output 
layer. Each neuron in the hidden layer and output layers receives weighted signal from each 
neuron in the previous layer. 

I. EXPERIMENTAL METHODS 

A. Subjects 

Thirty subjects with an equal number of males and females were randomly selected from 
the university student and staff members. Their ages varied from 19 to 51 years. Subjects were 
screened for normal hearing with an audio metric test from 125 Hz to 8 kHz 1 4 . 

B. Stimuli preparation 

The sounds were recorded from an 11-L, 6 cylinder in-line diesel engine on a digital audio 
tape recorder, using an artificial head (Briiel & Kjær 4100 head and torso simulator). A total of 
ten sounds with various speeds and loads were recorded in a hemi-anechoic room. The artificial 
head was placed at a distance of lm from the center of the engine and the height of the ear for 
the head was l m from the ground level. Al l sounds were recorded using free field equalization 
(Briiel & Kjær Sound Quality Conditioning Amplifier 2672). 
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C. Experimental procedure 

The listening test was carried out in an anechoic room. Ten sounds were presented 
randomly to the subjects for judgment of annoyance response. 

An equalized headphone for free field conditions (Sennheiser 580 HD Precision) was used 
to play back the sounds to the subjects. Al l sounds were presented at sound pressure levels 
reduced by 17 dB from the original sound pressure levels. The reduced levels roughly 
correspond to the distance of 7.5 m prescribed by ISO 362 1 5. This reduction was implemented 
due to the fact that sound pressure levels above 95 dB activate the acoustic reflex and may also 
cause temporary threshold shift among the subjects16. 

Judgments of annoyance for all sound stimuli were made on the basis of a sequential rating 
method known as the method of successive intervals17. The method is less time consuming and 
provides scale values that have been found to be linearly related to those obtained by the method 
of paired comparisons17"19. After presenting each sound, subjects judged the feelings of 
annoyance on a 7-point scale with linearly spaced markings from 1 to 7. Two extreme points on 
the rating scales were marked as "not at all annoying" and as "very much annoying" whereas the 
middle of the scale was described as "moderately annoying". Each sound lasted for 7 seconds. 
There was a silent pause of 10 s between the sounds. In order to familiarize test subjects with the 
test procedure, four sounds were presented to the subjects before commencing their actual tasks. 
Subjects were instructed to give an independent judgment for each sound. They were also 
allowed to repeat any sound if they had difficulty in making a judgment of the sound stimulus. 

D. Psychoacoustic descriptors 

To measure the various psychoacoustic descriptors in Table 1, all sounds for each ear, were 
fed directly into an FFT based measurement system (LMS CADA-X) and into a real-time third-
octave band analyzer (B&K 2123). The psychoacoustic descriptors were estimated either post 
processing of the acoustical signals recorded by LMS CADA-X Fast-Fourier-Transform 
spectrum analyzer or by a real-time third-octave band analyzer. A detailed description of these 
descriptors is found in the earlier investigations carried out by the authors6'20. Table 2 shows the 
physical quantities for some of the important descriptors. 

TABLE 1. Various psychoacoustic descriptors considered for assessing the annoyance response 
of the engine sounds. 

Measure Descriptors Unit Abbreviation 

Sound level A-weighted (dB) A 
B-weighted (dB) B 
C-weighted (dB) C 
D-weighted (dB) D 
Flat response (dB) F 

Loudness ISO 532B (sone) N 

Sharpness Sharpness based on loudness (bark) SB 
Sharpness (acum) SA 

Roughness Avg. Modulation from 80 Hz to 5.7 kHz (smod) RS 
Based on modulation frequency from (asper) RA 
15 to 300 Hz and modulation depth 
including masking effects 
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TABLE 1 - (Continued.) 

Measure Descriptor Unit Abbreviation 

Fluctuation Based on modulation frequency from (vacil) FS 
Strength 4 to 20 Hz and masking depth of the 

temporal masking pattern 

Impulsiveness Kurtosis K 

Harmonic Summation of all narrow-band, mean-square (dB) SO 

Content sound pressures from the 1st to the 61st odd 
harmonics of engine firing frequency 

Summation of all narrow-band, mean-square (dB) SE 
sound pressures from the 2nd to the 60th 
even harmonics of engine firing frequency 

Summation of all narrow-band, mean-square (dB) SH 
sound pressures at half-order harmonics of 
engine firing frequency 

Summation of all narrow-band, mean-square (dB) SF 
sound pressures at full-order harmonics of 
engine firing frequency 

Summation of all narrow-band, mean-square (dB) ST 
sound pressures at third-order harmonics of 
engine firing frequency 

Ratio of narrow-band, mean-square sound OE 
pressures at odd harmonics of engine firing 
frequency to those at even harmonics 

Ratio of all narrow-band, mean-square FT 
sound pressures at full-order harmonics 
of engine firing frequency to those at 
third-order harmonics 

Ratio of all narrow-band, mean-square HF 
sound pressures at half-order harmonics 
of engine firing frequency to those at 
full-order harmonics 

Ratio of all narrow-band, mean-square HT 
sound pressures at half-order harmonics 
of engine firing frequency to those at 
third-order harmonics 

Rumble average level of (n± 1/2) harmonic ratio HR 
Noise of the 1 s t to 60 t h harmonics 

Muddiness average level of (3n±l) harmonics HM 
of the 3rd to 56 t h harmonics 

Ear Resonance summation of the sound-pressures in the (dB) ER 
Range four critical bands from (2.3 to 4.3 kHz) 

Composite Rat- Based on the dBA, spectral balance and CR 
ing Preference high frequency factor 

Speech Inter- Arithmetic average of four octave-band (dB) SL 
ference Level levels from 0.5 to 4 kHz 
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TABLE 2. Physical quantities for several descriptors for all sound stimuli. 

Stimuli Descriptors of sound, Loudness Sharpness Rumble Fluctuation 
No. Speed (rpm), Load (Nm) (N) (SA) Noise (HR) Strength (FS) 

1 11-L, 1900,800 62.15 1.7575 5.3833 0.1017 

2 11-L, 1900,370 52.195 1.678 7.6668 0.0844 

3 11-L, 1700,3700 49.665 1.6705 3.8490 0.0927 

4 11-L, 1700,800 57.2 1.7465 2.8230 0.1093 

5 11-L, 1500,800 53.415 1.7325 0.5900 0.0851 

6 11-L, 1500,200 43.09 1.541 3.8907 0.0456 

7 11-L, 1200,200 38.945 1.5455 4.1644 0.0583 

8 11-L, 1200,800 43.06 1.663 2.1490 0.1540 

9 11-L, 630,200 26.73 1.59 1.2490 0.0635 

10 11-L, 630,0 25.38 1.5635 1.1548 0.1064 

ii. R E S U L T S AND DISCUSSION 

A. Annoyance response 
The analysis of variance showed a significant difference in annoyance judgments between 

the sound stimuli at a 95% significant level. Figure 2 shows the annoyance scale values of all 
sound stimuli estimated by the method of successive intervals. 

3 5 
2 4 6 

sound stimuli 
10 

FIG. 2. Annoyance scores for all sound stimuli obtained by the method of successive intervals 
scale. 
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B. Principal Component Analysis 

Principal component analysis (PCA) was applied to all psychoacoustic descriptors in Table 
1 and to annoyance responses of all sound stimuli in order to evaluate their inter-relationship. In 
this case, the average value of each descriptor for both channels was considered. Altogether four 
principal comppnents explained 92.1 % of the variance in the data. The first component explained 
64.3%, the second component described 12.8%, the third component accounted for 8.2%, and the 
fourth component described 6.8% of the variance in the data. 

Figure 3 (a) shows the loadings plot of the magnitudes of the first and second principal 
components. The plot indicates redundancy among certain descriptors as shown by the ovals 
enclosing three groups. Redundancy is shown between the descriptors when the loadings for a 
group of descriptors are all about the same. All the level measures (F, A, B, C, and D), speech 
interference level z l (SL), loudness22 (N), ear resonance range0 (ER) and all harmonic measures 
(SO, SE, ST, SF and SH) are in one group whereas sharpness in acum23 (SA) and bark4 (SB) are 
in the other group. The third group consists of all harmonic ratios20 (HR, HM, HT, HF, OE) and 
roughness in asper4 (RA) and in smod3 (RS). Fluctuation Strength4 (FS) and composite rating of 
preference8 (CR) are shown close to zero for the first component indicating insignificant effect 
on the model and thereby kurtosis24 (K) and crest factor (CF). 

Figure 3 (b) shows the loadings plot of the magnitudes of the first and third principal 
components. The plot shows the higher loadings of harmonic ratio (rumble noise, HR) for the 
third components. 

The PCA shows that the first component is related to loudness and sharpness whereas the 
second component is related to sharpness and fluctuation strength. The remaining components 
are explained by harmonic ratio, mainly by rumble noise. 
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FIG. 3. Loadings plot of the first and second components of PCA (a) and for first and third 
components (b). AN is annoyance response. 

C. Partial Least Squares Regression 

The relationships between the psychoacoustic descriptors and the annoyance responses 
were evaluated using PLS regression. In this case, the average value of each descriptor for both 
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channels was considered. The redundant variables observed in Figure 3 were removed in order to 
simplify the PLS model. This means only the descriptors that had highest loadings in their group 
in the PCA were considered in the PLS. The model was developed on the basis of loudness, 
sharpness (acum) and harmonic ratio (rumble noise, HR). The model explained 96.8% of the 
total variance in the annoyance data by two significant components, with a standard error of 
0.14. The first component explained by 95.4% and the second component described by 1.4% of 
the annoyance data. The first component is described by loudness and sharpness which are 
related to the speed variations. The second component is related to the harmonic ratio. 
Roughness (RA and RS), and impulsiveness (K), did not improve the predictability of annoyance 
response due to their lower loadings as shown in Figure 3. Though fluctuation strength showed 
higher positive loadings for the second component in Figure 3 (a) but could not be included in 
the model instead of sharpness or harmonic ratio (HR) because it gave negative correlation 
coefficient. Figure 4 shows the observed and predicted annoyance responses for all sound stimuli 
developed by PLS. The prediction model in terms of linear regression is defined by: 

Y= Y = -9.5796 + 0.05443 X, + 6.2426 X2 + 0.04095 X3 (1) 

where, Y = annoyance response; X\ 
harmonic ratio in dB (rumble noise). 

total loudness in sone; X2 = sharpness in acum; X% = 

0 2 4 6 

predicted annoyance response 

FIG. 4. Observed and predicted annoyance judgments for the 10 sound stimuli. Results for the 
prediction model based on Partial Least Squares regression; loudness, sharpness and harmonic 
ratio (rumble noise). Numbers by the data points indicate the sound stimulus number. 

D. Neural Networks with back propagation algorithm 

The study utilizes back propagation algorithms to train the neural networks for the data set. 
The performance of the training is measured by its error rate. The samples of data are divided 
into two groups known as the training group and the test group. The idea of neural networks is to 
train the sample of the data (training group) and thereafter test the performance of 
learning/training on the remaining samples of the data set (test group). 

It is desirable to minimize the number of relevant inputs to neural networks since 
unnecessarily high dimensionality in the input space often causes severe deterioration in the 
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performance of neural networks9. Principal component analysis can be used to this end and 
thereby remove the redundant inputs to neural networks. Therefore, the redundant descriptors 
observed in PCA (Figure 3) were not included in the neural networks training process. 
Descriptors of loudness, sharpness, and rumble noise were considered as input variables since 
these descriptors showed highest loadings in their respective redundant groups as shown by three 
ovals enclosing in Figure 3 (a). The fluctuation strength was also considered as an input 
variables since this descriptor showed the highest positive loadings for the second component in 
PCA. 

Prior to the data analysis, the input and output data matrix were transformed in order to 
increase the sensitivity of the analysis: 

i _ Xv-rmn(Xj) (2) 

m a x ( X . ) - m i n ( Z ; ) 

where, Xjj (i denotes samples and j denotes variables). 

In the present study, one hidden layer was used to train the data set for the back 
propagation algorithm. The prerequisite of neural networks training for optimal configuration is 
to determine the number of neurons in the hidden layer, number of epochs for training, and the 
transfer function in the hidden and output layers. Various transfer functions can be used known 
as logsigmoid, tansigmoid, loghardlim, tanhardlim, loglinear, purely linear. Either one of the 
transfer functions is used in both hidden and output layers or any combinations of these transfer 
functions are used in hidden and output layers. Al l combinations of transfer functions in the 
hidden and output layers were tested during training the data set but the transfer functions 
logsigmoid in the hidden layer and purely linear in the output layer gave the best choice for the 
data set. 

Back propagation algorithm is used to train the data set in two steps using various number 
of neurons and two sets of error goals (0.01 and 0.001), see Table 3. The criterion of the back 
propagation neural networks is to train the data set until the error goal is reached. First, the 
training was made on all ten sound stimuli with a random fashion and thereby predictions were 
made on all sound stimuli (see Table 3a). Table 3a shows that predictions for all sound stimuli 
are more accurate while training with 12 neurons in both sets of error goals than do training with 
other neurons. Second, the training was made on the first of the eight sounds and thereby 
predicted all eight trained sound stimuli and the remaining two untrained sound stimuli (see 
Table 3b). Table 3b also shows that predictions are more accurate for trained and untrained 
sound stimuli while training with 12 neurons than do training with other neurons. 

In order to avoid over learning, error plots are primarily inspected. An error plot visualizes 
the optimum number of epochs and also the number of neurons in the hidden layer for training 
the data set. The error rate was recorded up to 2000 epochs while training the data set using 
several sets of neurons in the hidden layers. Figure 5 shows the error rates over 2000 epochs for 
various neurons. The figure indicates that the minimum error rate is achieved by 12 neurons over 
150 epochs for training the data set. 

1. Back propagation algorithm with leaving-one-out cross-validation method 

Instead of relying on a single train and test experiment, multiple random test and train 
experiments require to be performed. Random resampling can produce better error estimates than 
a single train and test data sets12. A well known method of resampling is leaving-one-out25,26. 
This method is more appropriate for use with a small sample, like the present data set. 
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TABLE 3. Back propagation algorithm using various sets of neurons in the hidden layer. All ten 
sound stimuli were trained with a random order and thereby predictions were madefor all of the 
sound stimuli (a = upper table). First 8 sounds were trained thereby predictions were madefor 
first 8 trained sounds and the last 2 untrained sounds (b = lower table). Those predicted values 
are matched with the target values (annoyance scores) are highlighted. 

ST T 6 N 6 N 8 N 8 N ION ION 12 N 12 N 14 N 14 N 
Nos. values Eg Eg Eg Eg Eg Eg Eg Eg Eg Eg 

0.01 0.001 0.01 0.001 0.01 0.001 0.01 0.001 0.01 0.01 
1 5.0 5.0 5.0 5.1 5.0 5.1 5.0 5.0 5.0 5.1 5.0 
7 2.8 2.7 2.8 2.8 2.7 2.7 2.8 2.5 2.8 2.6 2.7 
3 3.6 3.9 3.7 3.5 3.6 3.5 3.6 3.6 3.7 3.5 3.6 
9 1.6 1.5 1.6 1.6 1.6 1.6 1.5 1.6 1.6 1.6 1.5 
4 4.5 4.4 4.5 4.7 4.5 4.3 4.5 4.5 4.5 4.5 4.5 
8 3.2 3.2 3.1 3.2 3.1 3.3 3.2 3.2 3.2 3.2 3.2 
6 2.8 2.8 2.8 2.9 2.8 2.9 2.8 3.0 2.9 3.1 2.9 
2 3.9 3.8 3.9 3.8 3.9 3.9 3.9 3.9 3.9 3.8 3.9 
5 4.3 4.2 4.3 4.1 4.3 4.3 4.3 4.3 4.3 4.2 4.3 
10 1.4 1.5 3.4 1.5 1.4 1.4 1.5 1.5 1.4 1.4 1.4 

ST T 6 N 6 N 8 N 8 N ION ION 12 N 12 N 14 N 14 N 
Nos. values Eg Eg Eg Eg Eg Eg Eg Eg Eg Eg 

0.01 0.001 0.01 0.001 0.01 0.001 0.01 0.001 0.01 0.01 

1 5.0 4.9 5.0 4.8 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
7 2.8 2.6 2.8 2.8 2.7 2.8 2.8 2.6 2.9 2.6 2.7 
3 3.6 3.5 3.7 3.8 3.6 3.8 3.6 3.6 3.7 3.7 3.6 
9 1.6 1.6 1.6 1.5 1.5 1.5 1.6 1.8 1.6 1.6 1.5 
4 4.5 4.6 4.4 4.5 4.5 4.3 4.4 4.5 4.5 4.4 4.5 
8 3.2 3.2 3.2 3.1 3.2 3.0 3.2 3.1 3.2 3.1 3.2 
6 2.8 3.0 2.8 2.7 2.8 2.8 2.8 2.8 2.7 3.0 2.9 
2 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 
5 4.3* 4.2 4.3 4.4 4.3 4.4 4.4 4.3 4.3 4.3 4.3 
10 1.4* 1.4 1.4 1.5 1.5 1.5 1.4 1.4 1.4 1.5 1.5 

•indicates untrained sound stimuli, ST = sound stimuli, N = number of neurons, Eg = error goal. 

Training for 2000 Epochs 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 
Epoch 

FIG. 5. Error changes in the training data set with the number of training epochs. 
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The success of the prediction is best determined using a cross-validation technique. 
Leaving-One-Out method utilizes cross-validation to estimate error rate 1 2 ' 1 3. In this method, a 
predictor (annoyance response) is generated using N - l out of the N cases (stimuli) in the data set 
and tested on the remaining cases. The procedure is repeated N times, leaving each observation 
out at a time. In the first trial, the first observation is predicted using the outcome of an analysis 
based on observations 2, 3, , N, and in the Nth trial, the Nth observation is predicted from 
observations 1, 2, N - l . The advantage of this technique is that almost the entire data set is 
used to design a predictor11'12. 

Leaving-one-out method was finally used to train the data set on the basis of 12 neurons in 
the hidden layer over 150 epochs with the error goal of 0.01. In order to avoid over learning for 
training the data set, the error goal was not set to 0.001. Figure 6 shows the observed and 
predicted annoyance responses of all sound stimuli. The model was developed on the basis of 
loudness, sharpness and harmonic ratio (rumble noise). Leaving-one-out method was also 
applied to predict annoyance responses of engine sounds on the basis of loudness, sharpness and 
fluctuation strength but the prediction was shown to be very poor. 

6 

CD 
CO 
£= 
O 

& 4 CD 
i _ 
CD 
O 
C 
æ 
>. 
o 

I 2 
CD 

£ 
CD in 

-Q 
O 

1 1 1 1 1 

.1 

2 
3 • 
• 

7.6 

-
9 

-

-
10 

i i I i 

-

2 4 6 

predicted annoyance response 

Figure 6. Observed and predicted annoyance judgments for the 10 sound stimuli. Results for the 
prediction model based on neural networks; loudness, sharpness and harmonic ratio (rumble 
noise). Numbers by the data points indicate the sound stimulus number. 

E. Predictability of the models 

In order to compare the predictability of PLS regression and neural networks, the average 
prediction rate and the prediction accuracy were determined. 

1 ^abs(R-0,) 
Average Prediction Error (APR) = jy-f j< q ' 

where P, is the normalized predicted value for sample i, - O,- is the normalized observed 
value for sample i and N is the number of samples in the test data. 

Prediction accuracy is defined as the value of one minus average prediction error in 
percentage. 
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Table 4 shows that the APR is lower for neural networks than for PLS modeling. The 
prediction accuracy is shown to be higher for neural networks than for PLS modeling. This 
might be the fact that neural networks handle non-linear data which is present in the case of 
harmonic ratio (rumble noise). Harmonic ratio has been shown non-linearly related to the 
annoyance of sound stimuli 2 7. 

TABLE 4. Average prediction error and prediction accuracy 

for neural networks and PLS modeling. 

Average Prediction 
Model Prediction Error Accuracy (%) 

Partial Least 
Squares Regression 0.182 81.8% 

Neural Networks 0.051 94.9% 

F. Validation of the models 

Validation of the annoyance prediction models (developed by PLS and neural networks) 
were checked by introducing two additional sound stimuli, denoted as stimuli numbers 11 and 
12. Both neural networks and PLS regression gave similar annoyance predictions for these sound 
stimuli (see Figure 7). Stimulus 11 was predicted as equally annoying to stimulus 4 and stimulus 
12 was predicted as more annoying than stimulus 9. 

The predictions of these two new sound stimuli were confirmed by presenting these sound 
stimuli together with sound stimuli 4, 7 and 9 in pairs to 20 new subjects; see Table 4. The 
additional subjects consisted of ten males and ten females. All subjects were chosen randomly 
from the students and employees of the university. A hearing test of each subject was taken and 
found to be normal. The listening procedure was similar to the original except that all sound 
stimuli were presented in pairs6'20 randomly both in AB and BA sequences to determine the 
reliability of the annoyance judgments. The subjects were asked to judge which stimulus of the 
pair is more annoying or if they were equal in annoyance. The reliability of the judgments was 
found to be 100%, which means that the judgments were identical for both sequences. 

Table 5 shows that stimulus 12 was more annoying to the subjects than stimulus 9. A l l 
subjects judged stimulus 11 as equal in annoyance to stimulus 4. This result confirms the 
predicted annoyance responses by PLS and neural networks models. 

TABLE 5. Annoyance-response scores of 20 subjects to each of six pairs of diesel-engine sounds. 
"A" represents the annoyance-response score to the first sound in a pair of stimuli; "B" 
represents the annoyance-response score to the second sound.  

Stimulus numbers A more B more A & B 
in a pair annoying annoying equal 

4 and 11 0 0 20 

7 and 12 20 0 0 

9 and 12 0 20 0 
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FIG. 7. Observed and predicted annoyance judgments for the 10 sound stimuli of Table I and 
the 2 additional sounds in stimuli 11 and 12. Results for the prediction model based on loudness, 
sharpness and harmonic ratio (rumble noise) developed by PLS (a) and by Neural networks (b). 
Numbers by the data points indicate the sound stimulus number. 

III. CONCLUSIONS 

Annoyance response to external diesel engine sounds was evaluated by thirty subjects. 
Sounds were binaurally recorded and reproduced by free-field equalized headphones. Prior to 
modeling annoyance, Principal Component Analysis was applied to 27 psychoacoustic 
descriptors and as a result four significant descriptors were obtained known as loudness, 
sharpness (acum), fluctuation strength (FS) and harmonic ratio (rumble noise). Partial Least 
Squares (PLS) regression and Neural Networks were used to develop annoyance prediction 
models of engine sounds. Neural networks utilized back propagation algorithm with leaving-one-
out cross validation method to train and predict the data set. The prediction models were 
developed on the basis of loudness, sharpness and harmonic ratio because fluctuation could not 
improve the models. Both models gave similar predictions of annoyance responses to engine 
sounds but the prediction accuracy was higher for neural networks than for PLS regression. The 
advantage of the PLS modeling is that it can reveal the contribution of each descriptor in 
describing annoyance to engine sounds which is not the case in the neural networks model. 
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Determination of annoyance to engine noise due to various fuels in 
free field conditions 

M . Shafiquzzaman Khana>, Donatas Trapenskas3' and Örjan Johansson3' 

A B S T R A C T 
Annoyance judgments to engine sounds under six different fuels conditions were 
investigated by forty subjects. An equal number of males and females participated in 
the listening test. Thirty stereophonic recorded sounds were randomly presented to the 
subjects through a pair of loudspeakers. All sounds were recorded in a hemi anechoic 
room. The listening test was conducted using a sequential rating method known as the 
method of successive intervals. Tests on different fuels were made on the basis of non-
parametric statistics. The annoyance judgments were found to be consistent with the 
annoyance index based on loudness, sharpness and harmonic ratio. Engine sounds due 
to ethanol fuel with 9% beraid were rated as least annoying whereas engine sounds due 
to a mixture of diesel and ethanol fuels were rated as most annoying. 

Primary subject classification: 63.2, Secondary subject classification: 52.3 

1. INTRODUCTION 

The diesel engine is the dominating power source in heavy-duty vehicles in Europe. The 
increasing needs for goods transportation require a reduction of the negative effects related to 
heavy-duty traffic. The most frequently discussed problems are exhaust and noise emissions. To 
reduce exhaust emissions there is an increasing interest in using alternative fuels like ethanol, 
methanol and natural gas, especially for vehicles operating in urban areas'. These fuels are, 
however, not better in all aspects of engine performance and the sounds produced by the use of 
some fuel combinations have been reported to be of an annoying character. 

Several types of the alternative fuels can be used in slightly modified diesel engines. One 
benefit with these fuels is the lack of particle emissions. Another benefit, in the perspective of 
the global environment, is that ethanol and methanol fuels can be produced on the basis of 
renewable material like wood. These fuels also bum at a lower temperature during the 
combustion process which reduces the NOx levels. A technical problem is that the low cetan 
number of alcohol fuel means that an ignition improver needs to be added to the fuel. The 
ignition improver increases the unwanted exhaust components and may also have an influence 
on the character of the sound. 

The aim of this study is to evaluate the impact on the engine sound of different fuels, which is 
related to the differences in the combustion process. In this study six different fuels have been 
tested on the same type of engine, with identical structures. The engine is an 11 litre, six cylinder 
in-line diesel engine manufactured by Scania. The differences between the engines are found in 
the adjustments of the parameters related to an optimised combustion process. The optimisation 
for these engines are made to minimise exhaust components, reduce fuel consumption and keep 
the output power. The consideration of minimised noise levels remains to be solved. The 
evaluation of the differences in sound character between the fuels is based on listening tests 
performed by 40 subjects. The engine sounds are stereophonically recorded in front of the engine 

^Acoustics Group, Division of Environment Technology, 
Luleå University of Technology, S-971 87 Luleå, Sweden. 
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in free field conditions. Five different stationary running conditions for each fuel have been 
evaluated. 

2. EXPERIMENTAL METHODS 

A. Subjects 

Forty subjects with an equal number of males and females participated in the listening tests. 
They were chosen randomly from the students and staff of Luleå University of Technology. The 
average age for male subjects was 28.3 years (standard deviation = 7.3 years) and for female 
subjects was 25.4 years (standard deviation = 5.8 years). Al l subjects were given an audiometric 
test and exhibited normal hearing better than 20 dB at octave midband frequencies up to 8 kHz 2. 

B. Sound stimuli 

11-L, 6 cylinder in-line engines were mn using six different types of fuels such as Diesel 
(Environment Class-1), Diesel with Ethanol or Methanol, Euro-Diesel, Ethanol with 7% or 9% 
Beraid (see Table 1). A total of 30 sounds were recorded on a digital audio tape recorder using 
an orthostereophonic system3 (OSS) in a hemi-anechoic room. There were 5 sounds of various 
speeds (rpm) and loads (Nm) such as 1900 and 370, 1700 and 370, 1500 and 500, 1200 and 800, 
and 630 and 200, recorded under each of 6 different fuel conditions. The microphones for OSS 
(Jecklin-type disc) were placed at a distance of lm from the center of the engine and the height 
was l m from the ground. 

The Jecklin-type disc (0 300 mm diam) for OSS was made with thick foam on both sides. 
Thin absorbent cloth covered all the foam to avoid the reflection of high frequency sound from 
the disc. The microphone configuration was assembled with two B&K 4165 QA inch) 
microphones with a space of 165 mm to produce the proper time delay between the channels, see 
Figure 1. 

The OSS technique is similar to the binaural recording technique. The distance between the 
two microphones is about the same as the distance between the ears. The limitation of the OSS 
technique is that this technique is only useful when the sound source is balanced and the proper 
acoustical environment is present3. 

Table 1 - Fuels to be evaluated 

Description of Fuels Abbreviation 

1. Diesel Environment Class 1 D I 
2. Euro Diesel 84.4% + Ethanol 15% DE 
3. Diesel EC1 84.4% + Methanol 15% D I M 
4. Euro Diesel D 
5. Ethanol + 7% Beraid1 E7 
6. Ethanol + 9%Beraid1 E9 

Ignition improver 

C. Experimental procedures 

The listening test was conducted in an anechoic room through a pair of loudspeakers. The 
response of both loudspeakers at the listening position varied within ±2dB from 20 Hz to 20 
kHz. The height of the ear in the listening position was the same for all subjects. 

Al l subjects performed the listening test in two sessions with a pause of 1 to 3 days. There 
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were fifteen sounds in each session. All sounds were presented at a reduced sound pressure level 
of 17 dB below the original sound pressure levels. The reduced level roughly corresponds to the 
distance of 7.5 m prescribed by ISO 3624. This reduction was considered due to the fact that a 
sound pressure level above 95 dB activates the acoustic reflex and may also cause temporary 
threshold shift among the subjects5. 

Fig. 1 - Sketch of OSS microphones configuration. Side view (a) and top view (b). 

All sounds were presented randomly to the subjects. After presenting each sound, subjects 
judged their feelings of annoyance on a 7-point scale with linearly spaced markings from 1 to 7. 
The two extreme points on the rating scales were marked as: "not at all annoying", and as: "very 
much annoying", whereas the middle of the scale was described as: "moderately annoying". 
Each sound lasted for 7 seconds. There was a silent pause of 10 s between the sounds. Each 
listening test began with four sounds as a trial in order to familiarize the subject with the test 
procedure and thereafter the original tasks were followed. Subjects were instructed to give an 
independent judgment for each sound. They were also allowed to repeat any sound if they had 
difficulty in judging the sound stimulus. 

Annoyance judgments for all sound stimuli in both listening sessions were made on the basis 
of a sequential rating method known as the method of successive intervals6'7. The method of 
successive intervals requires each subject to make only one judgment for each stimulus. The 
advantage of this method is that a large number of data from the subjects could be derived at the 
same time. The data yielded by the method of successive intervals have been found to be as valid 
as the data obtained by the method of paired comparisons' 6-8 

D. Measurements of psychoacoustic descriptors 

To estimate the various psychoacoustic descriptors, all sounds were measured by a single 
B&K 4133, 12.7-mm-diam microphone at the listening position but with the subject not present. 
The psychoacoustic descriptors were estimated either by post-processing of the aoustical signals 
recorded by LMS CADA-X Fast-Fourier-Transform spectrum analyzer or by a real-time third-
octave band analyzer (B&K 2123). 

3. R E S U L T S AND DISCUSSION 

A. Annoyance response 

Calculated scale values of the annoyance response show variation among fuels at different 
running conditions, see Figure 2. An interaction plot between various fuels and running 
conditions is shown in Figure 3. Annoyance increased with the increase of speeds. There was no 
significant difference in annoyance judgments between male and female subjects. However, 
female subjects gave slightly higher ratings than male subjects. To find out which of the 
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variations in annoyance judgements might represent true differences in population, statistical 
tests were performed on raw data. In this study, both parametric and non-parametric statistical 
methods were tested. Both methods revealed similar results but the following discussion is based 
on the non-parametric tests. The fuels in the statistical analysis are referred to by the 
abbreviations according to Table 1. 
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Fig. 2 - Annoyance scale value of sound stimuli estimated by the method of successive intervals. 
Sound stimuli were recorded from 1 to 5 under DI conditions, 6-10 under DE conditions, I I 
IS under DIM conditions, 16 - 20 under D conditions, 21 - 25 under E7 conditions and 26 - 30 
under E9 conditions. Stimuli numbers 1, 6, 11, 16, 21 and 26 are recorded with 1900 (rpm) and 
370 (Nm), stimuli numbers 2, 7, 12, 17, 22 and 27 are recorded with 1700 (rpm) and 370 (Nm), 
stimuli numbers 3, 8, 13, 18, 23 and 28 are recorded with 1500 (rpm) and 500 (Nm), stimuli 
numbers 4, 9, 14, 19, 24 and 29 are recorded with 1200 (rpm) and 800 (Nm), and stimuli 
numbers 5, 10, 15, 20, 25 and 30 are recorded with 630 (rpm) and 200 (Nm). 

First, tests were carried out to see whether annoyance from any of the fuels was significantly 
different from the others. Raw scores over all 5 mnning conditions were combined for each fuel. 
Friedman's test demonstrated significant difference among the fuels, %2(5, N = 200) = 65.9, p < 
0.05. To find out in particular which fuels significantly differed from the others, Wilcoxon 9 

matched-pairs signed-ranks test (two-tailed) was used to compare all fuels in pairs. To avoid the 
problem of inflated error rates because of the number of Wilcoxon tests (fifteen), the significance 
level was set to 0.0033 (obtained by dividing 0.05 by the number of tests, according to the 
Bonferoni 1 0 method). Fuel E9 was found to be less annoying than fuels D l , DE, D and E7, p < 
0.0033 in all cases. Fuel D I M was found to be less annoying than DE, p < 0.0033. 

To get a deeper insight into the difference in annoyance all fuels were compared at each of the 
five running conditions separately. The same procedure as before was employed. First, 
Friedman's9 test was used to check whether there is a significant difference between the fuels at 
each mnning condition separately. Later, i f Friedman's test yielded significant result, Wilcoxon 
matched-pairs signed-ranks test (two-tailed) was used to compare all fuels in pairs for particular 
mnning conditions. The significance level was adjusted according to the Bonferoni method as 
before. Table 2 shows the results of the Friedman tests. Differences among the fuels showed up 
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in all running conditions, except the running condition 1200 rpm, 800 Nm. 

T r 

D1 DE D1M D E7 E9 

various mnning conditions 

Fig. 3 - Interaction plot of median annoyance ratings between various types of fuels and 
different running conditions. 

Table 2 - Friedman's test results for different mnning conditions. 

Running condition df N x2 P 
630 rpm, 200 Nm 5 40 16.60 0.005* 
1200 rpm, 800 Nm 5 40 10.85 0.055 
1500 rpm, 500 Nm 5 40 41.60 0.000* 
1700 rpm, 370 Nm 5 40 58.47 0.000* 
1900 rpm, 370 Nm 5 40 41.43 0.000* 

* indicates a statistically significant result, N = number of subjects, p = asymptotic significance 
level, df = degrees of freedom. 

Table 3 shows the results of Wilcoxon tests where only significantly different pairs of the 
fuels are presented. Significant differences between the fuels appear at higher mnning speeds, 
starting at 1500 rpm. There is only one exception, at idling (630 rpm) annoyance of D I M was 
found to be lower than annoyance of E7. Table 3 shows that the differences between the fuels 
were most prominent at 1700 rpm, 370 Nm where 7 different pairs of fuels are observed. Then 
1900 rpm, 370 Nm and 1500 rpm. 500 Nm follow with 5 different pairs of fuels. 

However, the differences between the fuels at 1500, 1700, and 1900 rpm are not consistent for 
all fuels. Consistency is observed only for E9 and DE. When E9 is significantly different from 
the other fuels it is always less annoying, and vice versa for DE. Not surprisingly, E9 is least 
annoying and DE is one of the most annoying. While fuels D I , D I M , D and E7 are significantly 
different from the other fuels they do not exhibit this consistency, i.e. at some mnning conditions 
less annoyance is caused, at some more annoyance is caused than the other fuels (see Table 3). 

Summing up the results it can be said that overall in this investigation the use of E9 (Ethanol 
+ 9%Beraid) caused less annoyance than the other fuels. It is hard to say which fuel causes most 
annoyance, but DE (Euro Diesel 84.4% + Ethanol 15%) seems to be the best candidate. 
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Differences between the fuels show up only at higher engine running speeds, starting somewhere 
between 1200 and 1500 rpm. However these differences are not consistent for all fuels. 

Table 3 - Significant results of the Wilcoxon test. 

Running condition Pairs of fuels compared* N P 
630 rpm, 200 Nm D1M-E7 40 0.001 

1500 rpm, 500 Nm D I M - D E 40 0.002 1500 rpm, 500 Nm 
E9 - D I 40 0.002 
E9 -DE 40 0.000 
E9 - D 40 0.001 
E9 -E7 40 0.001 

1700 rpm, 370 Nm D I -DE 40 0.000 1700 rpm, 370 Nm 
D I -E7 40 0.000 
D I M - E7 40 0.001 
D - E7 40 0.001 
E9 -DE 40 0.000 
E9 - D 40 0.000 
E9 -E7 40 0.000 

1900 rpm, 370 Nm E7 - D I 40 0.000 1900 rpm, 370 Nm 
E7 -DE 40 0.002 
E7 - D I M 40 0.000 
E7 - D 40 0.000 
E9 - D 40 0.003 

* Fuels which are less annoying are indicated first for each pair, N = number of subjects, p = 
asymptotic significance level. 

B. Annoyance index 

Annoyance scores for each sound were derived from an annoyance index developed by in an 
earlier investigation by the authors11. This annoyance index11 is defined in terms of linear 
regression by: 

Y= -6.0022+ 0.06565 Xi + 3.8587 X2 + 0.0158 X3 (1) 

where, Y = annoyance response; X\ = total loudness in sone12; X2 = sharpness in acum13; X 3 = 
harmonic ratio in dB (rumble noise)11. Annoyance score 0.5 represents "not at all annoying", 
score 4.9 yields "very much annoying" and score 2.4 yields "moderately annoying". The 
variation in loudness, sharpness and harmonic ratio is shown in Figure 5. 

Figure 4 shows the observed annoyance scale values estimated by the method of successive 
intervals and the predicted annoyance index values. The rank order correlation coefficient for 
observed and predicted annoyance scores was 0.91. 

The annoyance ratings of stimulus 21 differ from the predicted ratings as shown in Figure 4. 
This difference is due to random error. The stimulus was randomly presented, but it occurred 
throughout the test in every instance after a hard sound (for example, stimuli numbers 2 and 11). 
This influenced the judgments of the subjects while judging stimulus 21. On the other hand, 
stimulus 22 was judged to be more annoying than stimulus 21 due to the fact that this stimulus 
occurred randomly after softer sounds (for example, idling sounds or sounds with low speeds and 
low loads). Theoretically, stimulus 21 would be expected to cause greater annoyance than did 
stimulus 22. This was verified by an additional test where all 20 subjects judged stimulus 21 to 
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be more annoying than stimulus 22. 
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Fig. 4 - Observed annoyance scores estimated by the method of successive intervals and 
predicted annoyance scores derived by the annoyance index for all sound stimuli. 

4. C O N C L U S I O N S 

Annoyance response to engine sounds recorded at six different types of fuels were evaluated 
by forty subjects. A total of 30 sounds were presented randomly to the subjects through a pair of 
loudspeakers in an anechoic room. The annoyance judgments were found to be consistent with 
the annoyance index based on loudness, sharpness and harmonic ratio. Engine sounds from an 
engine mnning on ethanol fuel with 9% beraid were rated as least annoying whereas engine 
sounds from an engine mnning on a mixture of diesel and ethanol fuels were rated as most 
annoying. However, differences in the annoyance judgments of the engines mnning on different 
fuels are only found at high engine mnning speeds. The results show that both low exhaust 
emission and low annoyance is achieved i f ethanol fuel is mixed with 9% beraid. These findings 
provide evidence that fuel comprising ethanol and 9% beraid could be applied in further tests or 
commercially where low exhaust emission and the causation of a low level of annoyance is to be 
achieved. 
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Fig. 5 - Variations of scores of all sound stimuli for loudness (N), sharpness (SA) and harmonic 
ratio (HR). Sound stimuli were recorded from 1 to 5 under DI conditions, 6-10 under DE 
conditions, 11 - 15 under DIM conditions, 16 - 20 under D conditions, 21 - 25 under E7 
conditions and 26 - 30 under E9 conditions. To improve the clarity of the figure all sound 
stimuli sharpness values are multiplied by 50 and harmonic ratios (rumble noise) are multiplied 
by 5. Stimuli numbers 1, 6, 11, 16, 21 and 26 are recorded with 1900 (rpm) and 370 (Nm), 
stimuli numbers 2, 7, 12, 17, 22 and 27 are recorded with 1700 (rpm) and 370 (Nm), stimuli 
numbers 3, 8, 13, 18, 23 and 28 are recorded with 1500 (rpm) and 500 (Nm), stimuli numbers 4, 
9, 14, 19, 24 and 29 are recorded with 1200 (rpm) and 800 (Nm), and stimuli numbers 5, 10, 15, 
20, 25 and 30 are recorded with 630 (rpm) and 200 (Nm). 
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