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Abstract

Drum sound is the sound produced when an object, such as a foot, hits the
flooring in the room in which the receiving ear is located. Drum sound has
attracted interest in recent years, particularly due to an increased use of thin
floating floor constructions, such as veneer or laminate flooring, which can
produce loud and sharp walking sound. A prediction model of the subjective
response, in a paired comparison test, to drum sound based on differences in
objective measurements is developed. The difference in 10-percentile loud-
ness, N10, between two stimuli is shown to predict the subjective perceived
disturbance better than, for example, A-weighted sound pressure level. A
difference of about 8% in N10 resulted in 50% of the assessors noticing a
difference.

A comparison of different existing approaches to analysing the result from
a paired comparison test is made. The main focus is set on the basic models
by Thurstone-Mosteller and Bradley-Terry and extensions of these concern-
ing ties. Procedures for testing if the responses and calculated ranking values
are statistically different are presented. The advantages and disadvantages
of these methods are discussed. These methods are illustrated with examples
from tests on drum sound from floor coverings.

A branch norm has been established for measuring drum sound on lam-
inate floor coverings. The norm evaluates the subjective perception of the
drum sound’s loudness using the ISO tapping machine. A round-robin study
of the norm is reported along with the results of a paired comparison lis-
tening test using the same floor coverings. General aspects of evaluation
measures, tapping machines, test environments, etc., that need to be consid-
ered when measuring drum sound on various floor coverings are discussed.
It is concluded that loudness as measured according to ISO 532B correlates
the best with the subjective perception of the drum sound’s loudness. The
tapping machine can be used to excite hard floor coverings to produce the
drum sound, but should be used with caution in studying low-level drum
sounds due to the tapping machine’s inherent mechanical noise.
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Paper A: Aspects on paired comparison models for lis-
tening tests

In many acoustic environments, for example, buildings or vehicles, as well
as in product development, etc., there is a need to rank and classify sounds.
A frequently used procedure is the paired comparison test. A number of
ways to perform and analyse this test exist. In this paper a comparison of
different existing approaches is made. The main focus is set on the basic
models by Thurstone-Mosteller and Bradley-Terry. Extensions to both of
the models, concerning ties, are presented along with a discussion of when
they should be used. Thereafter, procedures to test whether the calculated
ranking values are statistically different are presented. The advantages and
disadvantages of these methods are discussed, and some examples are given
which consider the responses from tests on drum sound from floor coverings.
It is seen that the choice between these models is not crucial. Ties are
generally recommended as they add information and can decrease the results’
confidence intervals/regions. The model by Bradley-Terry and its extensions
are recommended. However, if only scale values are requested, the treatments
are somewhat similar in character and no ties are allowed, the Thurstone-
Mosteller model is recommended due to the simplicity of the calculations.

Paper B: Prediction of subjective response from objec-
tive measurements applied to walking sound

The paper discusses prediction of the subjective response to walking sound
— also called drum sound – based on differences in objective measurements.
”Walking sound” refers to the sound heard when someone is walking in the
same room as the listener. Walking sound has attracted interest in recent
years, particularly due to an increased use of thin floating floor construc-
tions, such as veneer or laminate flooring, which can produce loud and sharp
walking sound. A paired comparison test was performed in laboratory where
listeners were asked which of the walking sounds was most disturbing. The
response was analysed using a modified Bradley and Terry model allow-
ing ties. Various measures, such as loudness according to ISO 532B, were
tested against the subjective response using linear regression. The difference
in 10-percentile loudness, N10, between two stimuli was shown to predict
the subjective response better than, for example, A-weighted sound pres-
sure level. A difference of about 8% in N10 resulted in 50% of the subjects
noticing a difference. The methodology used is applicable in situations when
objective measures that have subjective counterparts are sought. Although
the method is based on relative observations, an absolute ranking can be
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obtained by using a reference or a well-defined recording situation.

Paper C: Evaluation of Drum Sound with ISO Tapping
Machine

A branch norm, EPLF NORM 021029–3, has been established for measuring
drum sound on laminate floor coverings. ”Drum sound” refers to the sound
occurring when an object, e.g. a foot, strikes the flooring in the room in which
the receiving ear is located. The norm evaluates the subjective perception of
the drum sound’s loudness using the ISO tapping machine. A round-robin
study of the norm is reported along with the results of a paired comparison
listening test using the same floor coverings. The article discusses general
aspects of evaluation measures, tapping machines, test environments, etc.,
that need to be considered when measuring drum sound on various floor
coverings, such as linoleum, wood parquet and laminate. It is concluded
that loudness as measured according to ISO 532B correlates the best with
the subjective perception of the drum sound’s loudness. The tapping machine
can be used to excite hard floor coverings to produce the drum sound, but
should be used with caution in studying low-level drum sounds due to the
tapping machine’s inherent mechanical noise.
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Chapter 1

Introduction

1.1 Background

Interest in the effect of background noise on health and work capacity has
increased. One disturbing factor in office spaces, schools, hotels, etc., is the
drum sound, i.e. the sound produced when an object, such as a foot, hits the
flooring in the room in which the receiving ear is located, as in figure 1.1.
Drum sound is sometimes also called ”walking sound” or ”drum noise”, al-
though drum noise should be avoided since the term ”noise” suggests that
the sound is unwanted, which is not necessarily the case.

The first study of drum sound known to the author was made in Denmark
in 1952 by Larris [1]. In that study, measurements were made of the sound
produced by the ISO tapping machine on various types of flooring, and lis-
tening tests were performed in which assessors judged the level of the sound
of a person walking on the floor, with the help of a Barkhausen phon-meter
(generating an 800 Hz tone). The first reference to drum sound in Sweden
was made in 1958 by Brandt [2]. The interest in performing further investi-
gations in the field of drum sound seemed, however, to be low for many years.
Nevertheless, drum sound has attracted interest in recent years, particularly
due to the increased use of thin floating floor constructions, such as veneer or
laminate flooring, which can produce loud, sharp drum sounds when a per-
son wearing hard-heeled shoes walks on them. Due to consumers’ increasing
demand for floorings with improved drum sound properties, industry has
become interested in producing better products.

Improving a product’s sound sometimes means lowering the sound pres-
sure of the radiated sound. In general, however, improving the product’s
sound quality involves much more than simply lowering the sound pressure
level. Product sound quality was defined by Jekosch and Blauert [3] as ”a
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1.1 Background Introduction

Figure 1.1: Drum sound.

descriptor of the adequacy of the sound attached to a product.” A motorbike
should not sound like a vacuum cleaner; hence, it is not only by changing the
perceived loudness that the product sound is improved. Other descriptors of
the sound are needed. Psychoacoustics is defined as ”the science which deals
with the relationship between parameters of acoustic waves and attributes
of auditory events” [4]. As psychoacoustic measures aim at describing the
hearing sensation based on acoustic stimuli, these measures provide a useful
tool when a product’s sound quality is to be described and improved. By per-
forming listening tests the hearing sensation of a sound is obtained. Various
response scales are often used for evaluating sound quality. Another approach
is the method of paired comparisons [5]. In such a test assessors are asked to
tell which of two sounds has a certain attribute (such as a pleasant sound);
in some tests the assessors are permitted to declare a tie (hence indicating
that no difference is perceived). With the result from the listening tests, the
available acoustic and psychoacoustic measures are then combined so that
accurate descriptors of the hearing sensation of the sound are identified.

The drum sound study in [6, 7] is the starting point of this thesis. Record-
ings of a walking female and male on various floor coverings were used. In
the study the assessors were asked in a paired comparison test which drum
sound is the least disturbing and most pleasant sound. The assessors were
also asked to assess the drum sounds by using scales of various adjectives
such as perceived strength, pitch, hollowness, etc. (only presented in [6]).
By calculating the correlation coefficient between the scaling of the adjec-
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Introduction 1.2 Objectives

tives and the result of the paired comparison test, it was concluded that the
perceived strength correlated well to the perceived pleasantness (correlation
coefficient was -0.90 for the drum sounds created by the female and -0.92
for the ”male drum sound”). The correlation coefficients were -0.87, -0.82
and -0.81 for hollowness, distinctness and sharpness respectively for the male
drum sound whereas for the female they were lower (-0.63, 0.25 and -0.25).
The results from the paired comparison tests were thereafter correlated to
the objective (instrumental) results where, among others, the psychoacoustic
measures loudness and sharpness were applied.

As floor coverings with better drum sound characteristics are being devel-
oped, the need for a standard method for measuring floor performance and
presenting it to the market has arisen. A couple of measurement methods
exist [8, 9, 10]. Most of them use the ISO standard tapping machine [11]
as the sound source, but steel balls [12] and a real walker [13] are also used.
There is a need to harmonise these methods. Naturally, the final method
must be repeatable, reproducible and practical, and it must correspond to
subjective perceptions of the sound.

1.2 Objectives

The first objective with this work is to find a prediction model of the sub-
jective response to drum sound and to find out what difference in a sound
is needed in order for the assessors to notice a difference. A methodology is
to be presented that is applicable in similar situations when measures that
have subjective counterparts are sought.

During the work, the large number of models for analysing the result
from a paired comparison test were observed. As the listening tests are
the key to finding how the sound should be improved it is important to
know the advantages and disadvantages of various methods. The second
objective is therefore to clarify the differences among the paired comparison
models, especially with respect to whether and when ties should be allowed.
Procedures for testing if the responses and calculated ranking values are
statistically different are to be presented.

A branch norm, EPLF1 NORM 021029–3 [14], has been established for
measuring drum sound on laminate floor coverings. The division of Engineer-
ing Acoustics at Lund University has contributed to its development. The
third objective is to discuss general aspects of evaluation measures, tapping

1EPLF is the association of European Producers of Laminate Flooring. Internet ad-
dress: www.eplf.com
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1.3 Method Introduction

Figure 1.2: The methodology of the working process in papers B and C.

machines, test environments, etc., that need to be considered when measur-
ing drum sound on various floor coverings, such as linoleum, wood parquet
and laminate.

These three objectives correspond to the three papers [15, 5, 16] included
in this thesis.

1.3 Method

In figure 1.2 the methodology of the work in papers B and C is illustrated.
The methodology is, however, not restricted to drum sound but applies in
situations where measures that have subjective counterparts are sought. The
sound quality of the sound signal is evaluated in a subjective assessment
where listening tests are performed. In the objective assessment instrumental
measurements are performed either on the actual sound signal (as in paper B)
or on an alternative sound source (as in paper C) to which various acoustic
measures are applied. The relation between the subjective and objective
assessments, which is the crucial part of all sound quality investigations, can
thereafter be found.

The choice of method for the listening test is governed by the prerequisites
and the objectives of the test. A brief description of the various alternatives
is given in chapter 3. In this thesis, the method of paired comparisons is used.
Aspects on this method are given in paper A [5]. In paper B [15] the drum
sounds were assessed in the context of an office environment, where corre-
lation between the surface and the sound is assumed to be less important
than for domestic floors. It has been noticed by the author that assessors,
when asked to choose a solution for their home, prefer different sounds de-
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Introduction 1.4 Limitations

pending on the design of the surface. In an office environment, however, the
focus is on decreasing the disturbance produced by walking sound. Thus,
assessors were requested to imagine themselves in an office space and, in a
paired comparison listening test, to say which of the sounds was the most
disturbing. In paper C [16] general aspects considering a standardised mea-
surement method to evaluate drum sound from floor coverings are addressed.
The question concerned the perceived loudness as the optimal drum sound
character might differ for various floor coverings and applications.

”Objective assessment” here means the instrumental assessment includ-
ing application of acoustic and psychoacoustic measures. In chapter 2 the
most common measures are explained. The sound used is either the same
sound (original sound) that is used in the subjective assessment or an alterna-
tive sound source. In paper B [15], the former is used to enable the creation
of a measure that, based on the actual sound, can predict the subjective
response. The drum sound that is used depends on several parameters, the
most important of which appear in figure 1.3. The parameters in italic are
varied. In paper C [16] an artificial sound source is used as the objective in
that case was to find a standard measurement method, for which a real foot
is not appropriate. The artificial sound source is the ISO tapping machine
that was developed to be used for evaluation of impact sound (the transmit-
ted sound from the tapping machine to the room below) [11]. The result
of a round-robin test of the objective evaluation of various laminate floor
coverings is reported.

The drum sound produced by the tapping machine is obviously not the
same as that produced by an actual foot; nevertheless by the use of various
measures good correlation to the subjective response to the drum sound from
an actual foot can be achieved. Even though the actual sound source is used
in the objective measurements it is important to make sure the evaluation
method has a subjective counterpart. In chapter 4 various methods to re-
veal and obtain relations between the subjective response and the objective
measures are described. In this work, linear regression is used.

1.4 Limitations

The drum sounds are here evaluated for an office environment. In other envi-
ronments other aspects, such as the character of the sound, might be impor-
tant. As shown in figure 1.3, the influence of walking speed and background
noise have not been addressed. The influence of different room acoustics has
been addressed to some extent in the objective evaluation using the tapping
machine but not in the subjective evaluation. Mainly thin floor coverings

9



1.4 Limitations Introduction

Figure 1.3: A complete model of how drum sound is perceived requires knowledge
of several parameters. The italic parameters are investigated in the article.

on a thick homogeneous concrete subfloor have been evaluated, even though
drum sound is also a problem for other constructions, such as installation
floors.
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Chapter 2

Objective assessment

To characterise the physical stimulus sound, the amplitude and pitch are
usually given by the sound pressure level [dB] and frequency [Hz]. However,
the physical stimulus is treated on its way through the hearing system so
that the human perception of sound cannot simply be described in decibels
and hertz. In the field of psychoacoustics the human perception of sound is
investigated, and measures that better correspond to the hearing system are
developed. Before some of these measures are discussed in detail, the drum
sound generation and hearing system are briefly described.

2.1 Drum sound generation

Drum sound is produced when an object, such as a foot, hits the flooring in
the room in which the receiving ear is located. The emitted sound consists
partly of the sound created in the contact area where the foot (or hard
heeled shoe) hits the floor and trapped air is pushed away, compare with
a hand clap, and partly of the sound that the induced bending waves in
the floor structure radiate to the surroundings. The radiated drum sound
depends on many factors; the most important parameters appear in figure
1.3. Naturally the type of floor is one factor. In this thesis the construction
of the floor is typically a thin, 7–14 mm, veneer or laminate floor covering
with an underlayer, e.g. 2 mm polyethylene (PE) foam and a homogeneous
(reinforced) concrete subfloor as shown in figure 2.1. Linoleum, textile and
22 mm wooden flooring on timber joists have been included as well, but only
rarely.

The walker characteristics (weight, walking style) and type of shoe are
another factors influencing the radiated sound. In figure 2.2 the time histories
of the emitted drum sound pressure [Pa] of five steps are shown for three

11



2.1 Drum sound generation Objective assessment

Figure 2.1: Typical construction of the floors.

cases: the first two are the results of the same female walking on two different
floorings, i.e. a 22 mm wooden flooring on timber joists and a 14 mm veneer
flooring on a soft PE foam. The third, lowest, is the result of a male walking
on the 14 mm veneer flooring. The sound was measured when each person
was walking towards and passing the microphone, which is why the amplitude
is increasing for the first four steps and thereafter decreases. It can be seen
that the female wearing high hard-heeled shoes is pushing the heel hard on
the floor, whereas the male (wearing men’s hard-heeled shoes) does not push
the heel as hard. Another difference can be found comparing the amplitude
of the first peak to the second peak where the front of the shoe hits the floor.
A clear difference in the duration of the drum sound of a single impact can be
seen between the 14 mm veneer flooring and the 22 mm wooden flooring on
timber joists; resonances of the air cavity between the timber joists increase
the duration of the sound.

The character of the sound that is radiated can be further examined in
the frequency domain; see figure 2.3 where the equivalent sound pressure
levels, SPL, for the original 3 s time history signals are displayed. F denotes
female gait with high hard-heeled shoes, M denotes male gait with men’s
hard-heeled shoes. The floorings are 8 mm laminate flooring on fibreboard,
22 mm wooden flooring on timber joists and a 14 mm veneer flooring on
a soft PE foam. It is seen that the character of the drum sounds differs
mainly between about 80 and 8000 Hz. For 7–14 mm veneer or laminate
floor covering on a concrete subfloor, the main differences between various
floor coverings for the same walking person are usually between 200 and 8000
Hz.

Simple models of foot impact have been developed [17, 18]. The dynamic
characteristics of a foot during impact is complicated. Measurements of the
foot’s mobility (velocity phasor response divided by the phasor of the exciting
force) [m/s/N] wearing a shoe were made in [17, 19]. In figure 2.4 the results
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Figure 2.2: Time histories of emitted drum sound from five steps. The first two
histories above are the result of the same female walking on two different floorings,
i.e. a 22 mm wooden flooring on timber joists and a 14 mm veneer flooring on a
soft PE foam. The third, lowest, is the result of a male walking on the 14 mm
veneer flooring. The male and the female used different types of shoes.
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The floorings are 8 mm laminate flooring on fibreboard, 22 mm wooden flooring
on timber joists and a 14 mm veneer flooring on a soft PE foam.

are given as the acceleration resulting from a constant alternating force, i.e.
the input mobility times the radian frequency, ω = 2πf [rad/s], f is the
frequency in Hertz; a constant-mass is then represented as a horizontal line.
It is seen that the foot seems to behave like a mass of approximately 8 kg
below about 10 Hz. Thereafter the behaviour is more like a spring, as the
inclination is approximately ω2. Above 200 Hz it behaves like a mass again
but with a weight of approximately 40–150 g. The differences in the result
might be due to different measurement set-ups and individual differences.
In [20] an initial model of the interaction of the foot and the floor system is
presented. The mobility of the foot is imbedded into the differential equation
for the floor system. The interaction of the ISO standard tapping machine,
which is used for measuring drum sound in [14, 16, 21], and the floor system is
also presented. For the tapping machine one has to consider that the masses
rebound, which can be simulated following the procedure in [22]. The study
in [20] was an attempt to investigate the effect of cavities between the floor
covering and the subfloor, however, more work is needed towards finding an
adequate model of the interaction of the foot and floor system.
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2.2 Human auditory system Objective assessment

2.2 Human auditory system

The human auditory system is complex. Comprehensive literature is avail-
able [23, 24] and the intention here is only to review some of the most im-
portant features of hearing.

The physiology of the human auditory system consists of three principal
parts: the outer, middle and inner ear. The outer ear consists of the pinna
and the ear canal. The pinna differentiates sounds from the front compared
with those from the rear to some extent and it also works as an encoder of the
direction of sound. The ear canal, about 2 cm in length, can be compared
acoustically with an organ pipe, closed at the inner side by the eardrum,
which causes a resonance effect at one-quarter of a wavelength. The sensitiv-
ity of the hearing system is therefore improved at about 4 kHz. In the middle
ear the sound signal is amplified before it reaches the inner ear where the me-
chanical oscillations are transformed into nerve pulses. The transformation
happens in the cochlea, which is filled with two different fluids and consists of
three channels that run together and transmit the oscillations to the basilar
membrane in between the canals. The basilar membrane supports the organ
where the sensory hair cells are located. The length of the basilar membrane
is about 32 mm. It is formed by thin elastic fibres tensed across the cochlea
duct and the fibres are short and closely packed in the basal region and be-
come longer and sparse proceeding towards the apex of the cochlea. The
stiffness of the basilar membrane is therefore varied, which enables a sound
signal to be picked up at different locations of the membrane, which, in turn,
causes different nerve impulses to be transmitted to the brain.

A healthy young human ear can distinguish sounds with frequencies in
between approximately 20 and 20 000 Hz and sound pressures as low as
about -2 dB. The sensitivity of sound pressure is, however, largely frequency
dependent; a 4000 Hz tone at 30 dB is not perceived to be as strong as
a 100 Hz tone at 30 dB; in fact at 100 Hz, the tone is hardly heard. This
dependency needs to be considered when an estimation of a sound’s perceived
strength is to be made. Equal-loudness contours, shown in figure 2.5, are
lines which connect points of equally perceived strength. The lines have been
standardised in ISO 226 [25] since 1956 and were first based on [26]. However,
the levels of the lines are still subject to research. The standardised levels
were changed in 2003; the main changes were made for frequencies below 500
Hz where the lines were raised. An overview of the research can be found in
[27].

Another effect that is important to consider is masking, which includes
both frequency and temporal masking. In figure 2.6 the frequency masking
effect of a sinusoidal signal is schematically shown. It shows the level of a test
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Objective assessment 2.3 Physical and psychoacoustic measures

Figure 2.5: Equal-loudness contours of the human ear as reported in [26].

signal, A, that is needed to be audible when another sinusoidal signal, B, is
kept constant. The masking effect is larger above the masking signal and the
test signal A in figure 2.6 will not be audible. The temporal effect consists of
so-called pre- and postmasking effects. A moment after a sound is stopped,
and even some time before it starts, it can conceal other surrounding sounds
[23].

The last effect addressed here concerns how the auditory system gathers
information of a sound’s frequency content, i.e. how the auditory filter looks
like. As long as a sound signal with a fixed energy have a bandwidth less than
a certain bandwidth, called critical bandwidth for loudness, the perceived
strength of the sound will be nearly independent of the bandwidth of the
sound. The critical bandwidth is thus a measure of the effective bandwidth
of the auditory filter. It is often defined empirically; various test methods and
tests show similar length of the critical bandwidth. In figure 2.7 the critical
bandwidth as a function of frequency is shown [23]. The critical band rate
[bark] denotes the critical bands in successive order; there are 24 bands.

2.3 Physical and psychoacoustic measures

Based on the information in the time or frequency domain, single number
measures are to be selected or developed to indicate how the sounds are
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Figure 2.6: Masking by a sinusoidal signal B shifts the original hearing threshold.
The test signal A will not be audible.

Figure 2.7: Critical bandwidth as a function of frequency [23].
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perceived. As has been briefly discussed above, the auditory system is com-
plex and its properties must be considered when selecting single number
tools; pure physical measures such as the sound pressure levels in decibels
and frequency in hertz are often not enough. Psychoacoustic measures are
a means of quantifying sound characteristics in a way that correlates well
with human sound perception. Several psychoacoustic measures exist, in the
following sections the measures that have been considered in the thesis are
presented. For a more elaborate description see [23, 24, 28].

2.3.1 Weighted sound pressure level

Loudness is defined in [24] as ”that attribute of auditory sensation in terms
of which sounds can be ordered on a scale extending from quiet to loud.” As
loudness is a subjective quantity it cannot be measured directly. However,
several models to predict the loudness sensation exists.

One of several methods that has appeared to include the effect in figure
2.5 in a measure of the perceived strength, is the A-weighted sound-pressure
level [dB(A)] which was derived approximately from the 40-phon contour. In
the same manner, B- and C-weighted sound pressure levels were introduced
and derived from the 70- and 90-phon contours1. As a result, these measures
are applicable to certain levels of the sound. Predictions of the perceived
strength of sounds with various frequency and level contents based on, for
example, the A-weighted sound pressure level measure are likely to fail.

The great diversity of procedures used to express the strength of sound
forced ISO to harmonise the methods. As a first step, the A-weighted sound
pressure level measure was standardised, even though its limited applicability
was well known. The strength sensation, however, depends not only on the
frequency content; other effects, such as masking and sound duration, have
to be considered as well.

2.3.2 Loudness

Stevens [29] made several studies to develop a scale of loudness using the
method of magnitude estimation described in section 3.2.1. The perceived
loudness, L, was suggested to be a power function of a physical intensity, I :

L = kI0.3

where k is a constant depending on the subject and the units used. Stevens
suggested ”sone” as the unit of perceived loudness and one sone is defined

1There are different information on which contours that was actually used, 40-, 70- and
90-phon contours are those most often mentioned.
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Figure 2.8: Calculation of loudness [24].

as the loudness of a 1000 Hz tone at 40 dB SPL (sound pressure level). The
power law model has been confirmed in a large number of studies, although
the exponent has seen to be dependent on the nature of the signal [30]. Hence,
a more complex model is needed to be applicable on different types of sounds.
Three models are mentioned in [24] and were proposed by: Fletcher and
Munson [31], Zwicker [32] and Moore and co-workers [33]. The underlying
assumption in all these three models are that loudness is related to the total
neural activity induced by a sound. Loudness is therefore a sum of the
activity in all the critical bands. In figure 2.8 the models’ basic structure
for the loudness calculation is displayed. In the first step the sound signal is
filtered to take into account the transfer through the outer and middle ear.
In the next step, the masking effect is included to produce excitation pattern
from the spectrum. Thereafter the ”specific loudness” is calculated. Specific
loudness represents the loudness per critical band and is calculated for each
critical band using modifications of Steven’s power law. The loudness is
thereafter assumed to correspond to the total area under the specific loudness
pattern. Loudness is, unlike in the case of A-weighted SPL, a linear measure,
i.e., a doubling of the loudness value produces a doubling of the sensation
of loudness. This linearity is advantageous specifically in communicating
differences and improvements to non-acousticians, and some examples are
given in [34, 35].

Loudness is standardised in ISO 532 [36]. Two methods of calculating
the measure loudness are described. In part A, loudness is calculated from
octave-band analysis, while method B is calculated from one-third-octave
band analysis. Part A, proposed by Stevens [37, 38, 39], and part B, proposed
by Zwicker [40, 32], do not always agree. Part B, sometimes referred to
as Zwicker’s loudness, generates generally higher results, but as it is said
in the standard, method B seems to take better account of variations in
narrow ranges of frequency of the sound spectra. The German standard,
DIN 45 631 [41], corresponds to method B. Compared with A-, B- and C-
weighted sound pressure level, loudness does not only take account of the
level and frequency-dependency of the ear by the use of several equal-loudness
contours, but of the effects of masking and spectral distribution as well. Still,
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Figure 2.9: Loudness patterns for four drum sounds in [15] where various people
wearing different shoes created drum sounds. Drum sound 1 is a 14 mm veneer
flooring + PE foam, drum sound 4 is a 10 mm laminate flooring + fibreboard,
drum sound 6 is a 7 mm laminate flooring + underlay and drum sound 10 is a 14
mm veneer flooring + polyurethane foam.

a further improvement of the loudness measure should be possible if the
latest information on the equal-loudness contours is used in the calculation
procedure.

In figure 2.9 the loudness patterns for four of the drum sounds in [15]
are shown.2 Loudness calculations were made using one-third-octave band
levels, Leq, for the entire signal (30 s) and thereafter ISO 532B were used.
The horizontal axis shows the critical band rate [bark] and the vertical axis
the specific loudness [sone/bark]. Drum sound 1 should be perceived as the
loudest sound, as the area under its curve is the largest. In [15], the drum
sounds were ordered according to their rank of perceived disturbance in the
listening test which was shown to also correspond their ranking in loudness.
As drum sound 4 has more energy located in the lower region of the critical
band rate scale, it should have a darker pitch than the other have. In general,
for office spaces, a drum sound with a flat, low curve centred somewhat to
the left is sought.

The methods described in ISO 532 are meant for steady sounds and do

2The drum sounds are created by male or female gait. It is, however, not the same
walking person and the same shoe that are used for all floors, hence the result should not
be seen as a guidance of good or less good floor covering solutions for drum sound.
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Figure 2.10: Loudness as a function of time from a signal of the same type as
in figure 2.2. The figure also shows the 10 percentile, that is the value that is
exceeded 10% of the time [15].

not produce a time-variable measure. As the loudness for a tone burst of
duration less than 100 ms decreases [23], when measuring on sound with
such short duration this behaviour should be included. This effect as well as
the effects of postmasking on loudness have been investigated and included
in a loudness level meter by Zwicker [42]. Based on the result, loudness
as a function of time, loudness percentiles can be calculated. The loudness
percentile denotes the loudness that is exceeded in the chosen per cent of
time, see figure 2.10. In [15] loudness percentiles were calculated. However,
no effects of pre- and post-masking were included and the temporal envelope
of the basilar membrane was not represented. Still, the 9-percentile loudness,
showed to be the best measure for predicting the perceived disturbance of
the drum sounds. It was also shown that even though ISO 532B is meant for
steady sounds it is still better than A-weighted sound pressure level. Also in
[43, 44] Zwicker’s loudness was shown to predict well the perceived loudness
of nonstationary sounds.

Although the loudness measure in many cases has shown better correla-
tion to subjective sensations of the sound strength than A-weighted sound
pressure level [45, 43, 15], it is not as well known or used, especially not in
acoustic standards. Actually, the branch norm [14] might be the first norm
for products, where it is used. The still today frequent use of A-weighted
SPL is probably due to the fact that A-weighting was introduced in a sound-
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level meter in 1936 [46], while the loudness measure was first introduced in
a portable level meter in 1981 [47]. The time-consuming calculations were a
problem in the past, but modern computers have reduced the effort needed.
Increased awareness of the measure among acousticians seems to be needed
in order to expand its use further.

An alternative model of loudness, not used in this thesis but still worth
mentioning, is the model by Ando [48] which is based on signal analysis meth-
ods. Loudness is there calculated from the autocorrelation of the two signals
arriving at each ear. Models of pitch, timbre and perception of duration are
also presented.

2.3.3 Sharpness

Sharpness is an attribute of timbre. Timbre is defined in [49] as ”the aggre-
gate of attributes that allows a listener to distinguish a sound, in terms of
subjective impression, from any other sound having the same loudness, pitch
and duration as well as the same direction of arrival”. In music, different
timbre represents the difference between e.g. a violin and a flute when they
are playing a note at the same pitch and amplitude. Sharpness is a measure
that describes the balance of high and low frequencies in the spectrum of
loudness. A low sharpness value indicates high amount of low frequencies
and a higher value indicates a higher amount of high frequencies. Its unit is
acum. A narrow band noise, one critical band wide, at 1 kHz with a level of
60 dB is assigned to a sharpness of one acum.

Bismarck presented a model of relative sharpness, S/S0, in [50]:

S/S0 = c

∫ 24Bark

0
N ′ğ(z) dz

∫ 24Bark

0
N ′ dz

where N ′ is the specific loudness, z is the critical band rate and ğ(z) is a
weighting function.

Aurès suggested in [51] a variant:

S = 0.08

∫ 24Bark

0
N ′ĝ(z) dz

ln
(

N/sone+20
20

)
sone

ĝ(z) = e0.171z/Bark.

Zwicker and Fastl’s [23] model of sharpness is yet another variant of Bis-
marck’s model and is a weighted centroid of the specific loudness,

S = 0.11

∫ 24Bark

0
N ′g(z)z dz

∫ 24Bark

0
N ′ dz
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where N ′ is the specific loudness, z is the critical band rate and g(z) is a
weighting function equal to one for critical band rates lower than 16 and has
thereafter an exponential growth to reach 4 at the 24th critical band.

The results using these models differ. The model by Aurès is less depen-
dent on the sound level than the others.

2.4 Summary

The drum sound generation was discussed. The human auditory system
was described briefly to increase the understanding of the psychoacoustic
measures that thereafter were addressed and are used in this thesis.

24



Chapter 3

Subjective assessment

In the subjective assessment the human response to various sounds is investi-
gated. The focus is here set on assessments where the objective is to improve
a product’s sound quality, i.e. the suitability of the product’s sound. The
perception of sound quality is not dependent only on the acoustical signal.
In [52] the factors — domains — of sound quality perception are represented
as in figure 3.1. The physical and psychoacoustical domains can be described
more or less by the sound pressure level, the temporal, frequency, and spatial
distribution, loudness, sharpness, etc. The design domain can be divided into
three fields where the attention is on working with:

(1) stimulus-response compatibility, where the relation between a stimu-
lus and its response is investigated. As an example, a sound can be
designed to carry information of the functioning of a machine.

(2) pleasantness of sound, where the evaluation concerns the pleasant-
ness/unpleasantness and similar terms.

(3) identifiability of sounds, where studies on, for example, speech or the
right product sound are performed [53].

The cognitive domain can be divided into three groups:

(1) source-related, the image of the source, i.e. a sport car or a family car

(2) situation-related, e.g. is it the person sitting on the motorbike accel-
erating or the person sitting in his garden nearby that assesses the
sound

(3) person-related factors, e.g. expectation, motivation, preference, etc. [4]
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Figure 3.1: Domains of sound quality perception [52].

Sound quality assessments are usually performed in laboratory. Naturally,
the laboratory result can differ from a field-test where the sound is produced
in a normal-life situation. A field test has the following advantages [54]:

- it creates a representative situation of the sound in daily life;

- no recordings of the sound are needed — the recordings are time-
consuming and even though advanced recording techniques exist it is
very hard to reproduce the sound so that the human hear cannot dis-
tinguish between original and reproduced sound;

- if a product is evaluated, a typical handling of and interaction with the
product is enabled;

- assessors can individually select a typical or critical situation or state
to base their opinion upon.

On the other hand, laboratory tests have following advantages:

- the test is reproducible;

- all assessors have identical test conditions;

- if products are compared, identical states of operation can be presented;

- the sounds can be compared directly, decreasing the influence of loss of
sound memory;

- modifications of sound can be made before and during the test;

- the test is time-efficient.
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Laboratory tests must be planned so that the results can be transferred to
the field. Influencing factors should be identified. If factors that influence
the response cannot be varied in a laboratory, they should at least be kept
constant during the test. The most difficult factors to present correctly are
the cognitive factors, but with the help of additional information such as
verbal descriptions, photos, etc. the laboratory environment’s deficiencies
can be decreased. Whenever test results are presented, it is necessary to
ensure that the information given in the test is enclosed.

Drum sound evaluations can be made by letting the assessor walk on
the test floors. However, one must consider that the subjective response
might differ when the drum sound is created by oneself compared to when
it is created by someone else. A disadvantage of letting people walk and
assess the drum sound is that other criteria, such as the springiness of the
floor, can cause an unconscious effect on the assessor. In office spaces, it is
mainly the drum sound created by people other than the listener that is a
problem. Therefore, if the objective of the investigation is to improve the
drum sound in office spaces, the evaluation should be made by letting the
assessor listen either to other people creating drum sound live or to recorded
drum sound. The listening tests in this thesis were all performed in an office
environment using recorded drum sound. As the test situation was the same
as the situation the assessors were asked to imagine themselves in, any bias
due to cognitive factors is reduced.

References to various investigations on sound quality using different ap-
proaches can be found in [53]; in the same volume of Acustica united with
acta acustica valuable articles concerning sound quality can be found. An-
other useful reference, providing a guideline to performing listening tests, is
[55]. International standards for performing listening tests exist for some
areas, for example noise annoyance [56] and loudspeakers [57].

3.1 Recording and reproduction

An important part of performing tests in laboratory is making adequate
recordings and reproductions of the sound. The are several ways to pick up
the sound signal. In mono channel measurements, one microphone is used.
The time and frequency content are given but no directional or localisational
information. Cues across one axis are given by stereo recording which uses
two different channels of the audio signal, either recorded with two micro-
phones spaced apart or with a single microphone with two elements. ”Dual
mono” means two channels coming from the same microphone. The basic
idea of the binaural recording technique is to record and reproduce signals
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Figure 3.2: The dummy head used at the division of Engineering Acoustics. Two
microphones are located at the entrance of the ear canal.

to human hearing accurately. Three axes of localisation cues are provided.
Its history goes back to 1881, and the first binaural unit was an array of
carbon telephone microphones installed in the Paris Opera. The signal was
sent through the telephone system, and required that the subscribers wear a
special headset, which had a small speaker for each ear. Two omnidirectional
microphones are placed either at the ear canal entrance or at the eardrum
even though measurements at the entrance of the ear canal are recommended
[58]. The use of an artificial head, also called a dummy head (see figure 3.2),
is prevalent even though it is argued that the use of microphones in the en-
trances of a real person’s ear canals can be at least as effective as using a
dummy head [59]. (In some cases, such as in small cabins of work machines,
the use of a dummy head is not possible while operating [60].)

Binaural sounds can also be achieved by the use of Head-Related-Transfer-
Functions (HRTF). The transfer functions from a location of a sound source
to the left and right ear are then measured enabling synthesised accurate
binaural signals from a monaural source. Each individual has its own HRTF;
a dummy head has some kind of mean HRTF’s. Therefore, when listening to
the recordings using a dummy head compared with the original sound, some
deviations may occur. Localisation errors are common. So even though it
was stated above that binaural technology provides three axes of localisation
cues, the true location of the actual sound source might not be correctly
reproduced. Still, binaural recordings with playback through headphones
generally give the most natural sound reproduction. Sounds with very low
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frequencies that are felt by the whole body, an additional sub-bass loud-
speaker might be needed. A review of the binaural technology and various
techniques to record and reproduce sound can be found in [4, 61].

3.2 Evaluation methods

Various methods to perform listening tests are available; their applicability is
dependent on the aim of the study and its prerequisites. In a unidimensional
analysis one dimension of the sound is investigated. In a multidimensional
analysis, several dimensions and how they interact are investigated. Mul-
tidimensional analysis can be valuable, especially at the start of a research
investigation, for learning more about the relevant dimensions. Even though
the methods are presented here in the section on unidimensional analysis,
their result can, in a following analysis, be used in a multidimensional anal-
ysis. The methods presented are mainly for sound quality tests. [23] con-
tains additional methods to be used in psychoacoustic investigations such as
threshold measurements. For every method there are pitfalls to avoid such
as stimulus range and sequence effects; see Poulton [62] for an overview.

3.2.1 Unidimensional analysis

The response is usually a composite of various things. A drawback of uni-
dimensional analysis is that slight variations in the design of the question
can produce large variations in response. However, techniques to decrease
this risk have been developed and are applicable in sound quality tests as
well. Several analysis tools have been developed for the study of attitudes.
Thurstone is the social psychologist who first created attitude-measurement
methodology. He developed three methods: the method of paired compar-
isons, the method of equal-appearing intervals and the method of successive
intervals. All three methods are based on his law of comparative judgement.
It assumes that every given stimulus, Ti, is associated with a sensation, Xi,
and that this process can be ordered on a psychological scale or continuum.
How a group of stimuli is ordered depends on the attribute that is of interest.
However, even though the attribute is set, a given stimulus does not always
produce the same sensation to an assessor but fluctuates around its ”true”
scale value, Si = mean of Xi. The scale is then defined so that the fluctu-
ations form a normal distribution. Thurstone’s methods will be described
here briefly as will the method of magnitude estimation and Likert scales.
The section on methods of paired comparison is not restricted to Thurstone’s
model. For a more extensive description of Thurstone’s models see [63].
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Figure 3.3: Thurstone equal-appearing interval scale.

Figure 3.4: Cumulative proportion graph showing how the scale value, S , is
determined.

Method of equal-appearing intervals

In the model’s initial form each assessor (judge, listener) is asked to sort
statements (stimuli) into 11 categories named A–K so that the intervals be-
tween categories are subjectively equal. The A category represents the least
unfavourable whereas K is the most favourable. F is the neutral category,
see figure 3.3. The whole range of stimuli is presented prior to the test and
the assessors are instructed to use the full range of the scale.

If the intervals are believed to have been judged equal by the assessors,
the categories are assigned numbers from 1 to 11. The number of times a
stimulus was placed in each category, here called the frequency, gives the
proportion of judgements, that is, the frequency divided by the total number
of assessors. The cumulative proportions are thereafter calculated. The
scale value of the stimulus is then given at the point where the cumulative
proportion is equal to 0.50, see figure 3.4.

Numerous variations of this model exist using various numbers of cate-
gories and descriptions [63, 53]. When creating a scale, consider the number
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Figure 3.5: Five-point response scale with verbal endpoints.

of items included in it. Many items on a scale can make the scale more reli-
able and reduce the risk that the score is due to error. On the other hand, too
many items can create a problem. Multiple items can, unintentionally, focus
on different aspects of the question and may, therefore, not be homogeneous.
The scale will then no longer be measuring just one question, but several!
The risk of verbal scales is that they might not have equal distances between
the labels and therefore parametric analyses cannot be applied. An example
of a verbal scale is the Likert scale [63] where five categories are commonly
used: strongly agree, agree, neutral, disagree, and strongly disagree. One
cannot always assume that the assessor means that the difference between
agreeing and strongly agreeing is the same as between agreeing and being
neutral, and therefore parametric studies such as arithmetic mean should not
be calculated.

The scales can be either unipolar in the sense that they describe the
intensity of an attribute (e.g. not loud – loud), or bipolar so that the words
at the ends describe opposite attributes (e.g. dark – bright). For bipolar
scales there are discussions about whether they should have an even or odd
number of categories. An even number forces the assessor to choose between
higher and lower scores, which might look attractive but it might also hide
information on the difficulty of the test. In [53] the scale in figure 3.5 is
recommended. It is advantageous as it can be applied to several attributes.
Moreover, the difficulties of using a bipolar scale to find contrasting adjectives
that truly belong to the same dimension are avoided.

Method of successive intervals

This is an extension to the equal-appearing intervals scaling. The instructions
to the assessor are the same and the cumulative proportions are calculated
in the same manner. The width of each category is, however, not set to one
but is estimated for each category. It is then assumed that the cumulative
proportions are normal when projected on the psychological continuum.1

1This assumption can be checked by plotting the cumulative proportion distribution
for the stimuli in a normal probability plot [63].
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Figure 3.6: Cumulative proportion graph showing how the scale value, S , is
determined. Note that the widths between each category as represented by a dot,
are not equal as in figure 3.4.

The difference in successive intervals’ normal deviates is calculated for each
stimulus in the test. The width of each category is estimated by the mean
width of all stimuli. In figure 3.6 a cumulative proportion graph is shown.
Note that the width between each category is not equal as in figure 3.4.
When the result looks like figure 3.6, it would appear that even though the
assessor was told that the categories were of equal size, they were not used
in that way.

Method of magnitude estimation

Stevens [29] developed the technique to relate perceived magnitude and stim-
ulus intensity. In the method of magnitude estimation it is assumed that the
assessors (listeners) in a listening test can assign numbers to the perceived
attribute of the test. A standard sound can be presented with an assigned
value (say 100) to which all subsequent stimuli are rated relative, either with
a difference in number or with a ratio. This method is debated; the responses
using ratios and differences have sometimes given different results. Poulton
[62] concludes that only when familiar units are used should they be related
by arithmetic rules, otherwise bias occurs.

An example of a study where the method of magnitude estimation is
used is a study on the effect of a preference for rock music on magnitude
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estimation scaling behaviour in young adults [64]. It is shown that the as-
sessors who disliked rock music provided significantly higher mean numerical
responses for all intensities presented. It was concluded that they perceived
the stimulus as being louder simply because they did not like rock music.
Listening tests are sometimes divided into objective (perceptive - examining
what persons hear) and subjective (affective – examining what persons prefer
or dislike) tests [55]. However, the study above is an example of how elusive
this division might be; even though the assessment initially might have been
considered objective, the result shows that it is not.

An ISO-standard developed for food products concerning magnitude es-
timation can be found in [65].

Paired comparison methods

Scales have an advantage in their ability to produce an absolute value corre-
sponding to a certain sensation. However, scales can be hard for an assessor
to use — uncertainties about whether the assessors have used and under-
stood the scale equally can occur — and it can therefore be difficult for the
researcher to analyse the result. A way of avoiding this problem is to use
paired comparison tests. In such a test assessors are asked to tell which of
two treatments — or stimuli or sounds — has a certain attribute (such as a
pleasant sound), see figure 3.7. The need for the assessor to have a longer
sound memory is eliminated and more consistent answers can therefore be
achieved. In [66] a method of paired comparison, method of equal-appearing
intervals and method of successive intervals were compared in the evaluation
of annoyance response to engine sounds. It was concluded that consistent
judgements of annoyance were observed with the paired comparison data.
Judgements of annoyance using the methods of equal-appearing intervals
and successive intervals were made consistently only by trained assessors.

One disadvantage of paired comparison models is that no absolute val-
ues corresponding to a certain attribute are given, but only relative values.
Another disadvantage is the rapid growth of comparisons needed when the
number of treatments increases and all pairs are compared. This could, how-
ever, be treated to some extent by the use of incomplete balanced design
where not all pairs are compared in the test. The design is explained in [67]
and tables that enable balanced incomplete designs can be found in [68, 69].

Two major basic pair comparison methods exist today: the Thurstone-
Mosteller [70, 71] model and the Bradley-Terry model [72]. These models are
both so-called linear models. The linear paired comparison model is defined
by David [67] as

P (Ti→Tj)= H(Vi − Vj)
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Figure 3.7: Example of layout in paired comparison tests allowing ties as used in
paper C [16].

that is, the probability of choosing treatment Ti when compared with Tj is a
function of the difference in their strengths (or scores) Vi and Vj only, where
the function H is a symmetric cumulative distribution function, H(−x) =
1−H(x). The Bradley-Terry model assumes a standard logistic distribution
function and the Thurstone-Mosteller model assumes a normal (Gaussian)
distribution function.

Sometimes the assessors are not able to reveal any difference in the pair.
This is the case when the treatments are equal in the specific attribute as-
sessed or when the difference is too small to be perceived. When ties are not
allowed, the assessors are forced to make a selection and the choice is, hope-
fully, made randomly. When no models for handling ties were developed, a
way of excluding this random behaviour from the input data was to allow ties
in the test but to ignore them in the analysis. Even though models that do
allow ties in the analysis were developed during the 60’s and 70’s [73, 74, 75],
there are still situations where they are not used today although they could
increase the information in the analysis.

In paper A [5], aspects on these methods are given. It is seen that the
choice of either Thurstone-Mosteller or Bradley-Terry is not crucial. As the
former model provides an algebraic solution, it is recommended when scale
values are requested. However, when estimations of their differences are to
be made, when the treatments are inhomogeneous or if the design is either
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incomplete or unbalanced, the latter model is recommended. When prefer-
ence is the objective, ties should be allowed as they add information and
can decrease the results’ confidence intervals/regions. The choice between
the Rao-Kupper [74] and Davidson [75] models in terms of their ability to
handle ties is not critical.

Several extensions and variations to the paired comparison model exist;
for example in [76] a method to include effects of time-varying data is pre-
sented. In cases where more than a three-point scale (Ti → Tj, Ti = Tj,
Ti ← Tj) is requested the method by Scheffé is recommended [77]. It does
not only provide a means of analysing data based on a 7- or 9-point scale but
within-pair order effects can also be investigated. Many aspects that are not
dealt with in paper A, such as within-pair order effects, circular triads, con-
sistency tests, triple comparisons and multivariate paired comparisons where
several characteristics in the treatments are investigated, are addressed in
[67].

3.2.2 Multidimensional analysis

In the following part of this section approaches to performing multidimen-
sional questionnaires, to be used with or without additional collected data
as instrumental measurement results later on, are presented. In section 4
multivariate methods, where the relation between several characteristics in
the treatments are investigated, will be discussed.

Multiple unidimensional scales

By combining several attributes of a sound using any unidimensional scale
one after the other as in figure 3.8, a following multidimensional analysis
is made possible. An advantage of multiple unidimensional scales is that
several scales using different attributes for describing the same dimension
can provide data to perform reliability tests and control to ensure that the
decision is not based on extraneous criteria that might be introducing bias
into the test. The gain might, on the other hand, be offset by the possible
effect of several scales confusing the assessor. The adjectives in figure 3.8
could be used when evaluating drum sound, however, the word ”natural”
indicates that the assessor is informed of the included type of floor covering
as a natural sound is different for a stone or wood floor. When selecting
adjectives for a test where there is little knowledge of which adjectives are
important, the use of several adjectives in the initial tests is crucial. By
the use of some kind of factor analysis (see section 4.2) the dimensions and
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Figure 3.8: Example of multidimensional scales.

adjectives can be decreased in the following tests. Studies where multiple
unidimensional scales are used can be found in [78, 79, 80].

Semantic differential

The semantic differential is an extension to the unidimensional scale. It was
first developed by Osgood [81, 82] as a tool for research on the psychology of
meaning where the connotative meanings of certain words were examined. He
constructed bipolar scales based on semantic opposites, such as ”good–bad”,
”beautiful–ugly”, etc. The scales were called ”semantic differential” scales
because they differentiated the attitude’s intensity based on how a person
interprets the connotative meanings of words. The approach has been used
in several sound quality investigations; it was probably first used in the late
50’s by Solomon [83], who examined sonar sound.

The scale usually consists of 7 possible grades. The semantic scales need
to be adjusted to fit the topic of research. When presenting the scales, make
sure the variables that might be expected to affect the assessment are not
presented always on one of the sides as it might introduce bias. An advantage
of using semantic differentials is that fewer scales can be used compared with
the method using adjectives and ”not at all—very”; one scale for example
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Figure 3.9: Polarity profile of two drum sounds in [6]. Filled circles: laminate
flooring + fibreboard; open squares: 14 mm veneer + PE foam. The Swedish
words used in the test are shown in italics.

”dark—bright” can be used instead of ”dark: not at all—very” and ”bright:
not at all—very”, hence fewer judgement are needed. However, as discussed
earlier for bipolar scales, it is important that the words belong to the same
dimension. The construction of such scales needs careful consideration; for
example what is the antonym of ”sharp” that was used in figure 3.8? If
”pleasant” is used, a bias is introduced since it is assumed that a sharp sound
must necessarily be unpleasant. The problem can be solved by adding a ”not”
in front of the adjective, for example, sharp–not sharp. (Solomon [83] used
sharp–dull). In the literature, a mixture of semantic opposites and adjectives
with and without their negatives are often used (car interior [84], household
appliances [85], hair dryer [86]).

In a semantic polarity profile the scalings of each stimulus are combined.
In figure 3.9 the polarity profile for a drum sound test in [6] is shown. Com-
parison between different stimuli is then enabled. The scalings can also be
used in a factor analysis or cluster analysis to determine if the number of
connotative dimensions can be reduced.

Similarity ratings for pairs of sounds

In this method the assessor is asked to scale the degree of similarity or dis-
similarity between pairs of sounds. As the similarity or dissimilarity of every
pair is requested, the method becomes cumbersome for large numbers of
stimuli. The results are examined by statistical multidimensional scaling
(MDS) analysis; see section 4.3 where the dimensions that describe the sim-
ilarities/dissimilarities are sought. The disadvantage of the method, which
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also might be an advantage, is that the meaning of the dimensions that are
found can only be described by interpreting the physical properties of the
sounds that are located near each other.

3.3 Summary

Factors influencing the perception of sound are discussed as are also advan-
tages and disadvantages of performing listening tests in field or laboratory.
Various evaluation methods, both unidimensional and multidimensional, are
reviewed. Scales have an advantage in their ability to produce an absolute
value corresponding to a certain sensation. However, bias can be introduced
into the test unless the construction of the scales is carefully considered.
Paired comparisons are easier to perform for an assessor and give, in gen-
eral, more consistent responses. The disadvantage of paired comparison is
the rapid growth of comparisons needed when the number of treatments in-
creases and all pairs are compared. Another disadvantage is that no absolute
values corresponding to a certain attribute are given, but only relative val-
ues. In this thesis, the method of paired comparison is used in an office
environment using recordings of the drum sounds.
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Chapter 4

Relating subjective and
objective assessment

With the information from the listening test and the objective measures, the
search for any relations between them can begin. Some kind of multivariate
analysis is often used. It is a statistical analysis technique in which multiple
variables are analysed separately to determine the contribution made by each
variable to an observed result. Examples of multivariate analysis techniques
are multiple regression analysis, factor analysis (including principal compo-
nent analysis) and multidimensional scaling; these will be described briefly in
the following sections. There are numerous other multivariate analysis tech-
niques; the ones described here were chosen as they are common in sound
quality assessments. For a more elaborate description, consider the statisti-
cal literature on multivariate analysis [87]. A nice overview can be found on
the internet [88].

These methods will differ from the methods used traditionally in building
acoustics. By the use of various reference curves to which the instrumentally
measured sound in decibels is compared, the insulation of walls and floor
structures is evaluated to adjust the physical measurement to the perfor-
mance in subjective listening tests [89, 90]. Here, a combination of acoustic
and psychoacoustic measures is used to find any relation between subjective
and objective assessment. However, the result using the reference curves can
be used as an input in the multivariate analysis.

4.1 Multiple regression analysis

Multiple regression is the simplest of the multivariate analysis techniques.
This method was used in paper B [15] to find a prediction model of the
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4.2 Factor analysis Relating subjective and objective assessment

subjective response to drum sound. The multiple linear regression model
describes the relationship between a single dependent variable or response,
y, and n independent or regressor variables, x1, x2, ..., xn, as:

y = β0 + β1x1 + β2x2 + ...βnxn + ε

where βj, j = 0, 1, ..., n are called the regression coefficients or partial regres-
sion coefficients. βj measures the expected change in y per unit change in xj

when all the remaining independent variables are held constant. ε is the ran-
dom error. The term linear is used as y is a linear function of the unknown
parameters βj, j = 0, 1, ..., n. Although they are called independent vari-
ables, in multiple regression the independent variables may be correlated to
some extent. However, if the independent variables are highly correlated, or
when the number of independent variables is large compared with the num-
ber of observations, multiple linear regression is not applicable and partial
least square regression should be used instead, see [91].

Hence, in multiple regression, there is one dependent variable and several
independent variables. In simple regression, there is only one independent
variable; in factor analysis and most other multivariate techniques, there are
several dependent variables. Multiple regression analysis can be extended to
handle several dependent variables and is then called multivariate regression
analysis [87, 92]. However, it will not be discussed further here.

The model fitting is typically made using the method of least squares
where the β’s are chosen so that the sum of the squares of the errors is
minimised.

The significance of the model can be tested in a hypothesis test. It is then
tested to see whether at least one of the β’s is contributing significantly to
the model. The test is done using analysis of variance (ANOVA) techniques.
The coefficient of determination, R2, is a measure of the amount of reduction
in the variability of y that is due to the independent variables x1, x2, ..., xn,
0 ≤ R2 ≤ 1. However, a large R2 does not automatically indicate that the
regression model is a good one; when a variable is added to the model, R2

is always increasing, independent of whether it is a statistically significant
variable or not. With the use of the adjusted R2 statistic this behaviour
is decreased. When R2 and adjusted R2 differ dramatically, nonsignificant
variables are probably added [93].

4.2 Factor analysis

The objective of factor analysis is to discover simple patterns in the relation-
ship pattern among the variables. More precise, it seeks to discover if the
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observed variables can be expressed in terms of a smaller number of variables
called factors. Different methods to extract these factors from a set of data
exist [87]:

- Principal components analysis, PCA: The most common form of fac-
tor analysis. PCA seeks a linear combination of variables (principal
component) that accounts for as much of the variability in the data as
possible. This variance is then removed and a second linear combina-
tion is sought which explains the maximum proportion of the remaining
variance, and so on. The factors are orthogonal (uncorrelated). PCA
analyses the total (common and unique) variance.

- Principal factor analysis, PFA: Also called principal axis factoring and
common factor analysis. PFA seeks the lowest number of factors which
can account for the common variance of a set of variables.

- Other extraction methods: alpha factoring, image factoring and maxi-
mum likelihood factoring, unweighted least squares factoring, and gen-
eralised or weighted least squares factoring.

PCA should be used when approximating the data using fewer dimensions,
PFA when an explanatory model for the correlations in the data is sought [94].
Only PCA will be described here as it is dominant in the acoustic papers.

Principal component analysis partitions the total variance, i.e. the sum
of the variances in the original data, by first finding the linear combination
of the variables, x1, x2, ..., xn, that accounts for as much of the variability in
the data as possible.

y1 = e11x1 + e12x2 + ... + e1nxn

y1 is called the first principal component. The procedure is displayed graph-
ically in figure 4.1. After having removed the variance in the original data
that can be attributed to the first component, the second component ac-
counting for the next largest amount of variance is sought. This component
is constructed to be uncorrelated (orthogonal) to the first component. The
procedure is repeated until the variance still to be explained is small enough.
Then how are the coefficients eij , i, j = 1, ..., n found? Suppose the original
data is given in vectors x1, ...,xn. Estimates of the sample mean µx and
covariance matrix Cx (also called dispersion matrix) are

µx = E{x}
Cx = E{(x− µx)(x− µx)

T}
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Figure 4.1: Left: Every variable represents one co-ordinate axis; for simplicity
only three variables are shown. The length of each co-ordinate is standardised
usually to unit variance scaling. The observations are placed in the n-dimensional
space. Right: The procedure involves subtracting the averages of the data which
correspond to a re-positioning of the co-ordinate system so that the average point
(grey point) is the origin. The first principal component, PC1, is the line that best
fits the data in the least squares sense. Every observation is thereafter projected
to this line and its co-ordinate on the PC1 line is its score.

where E denotes the expected value operator. From the symmetric covari-
ance vector an orthogonal basis can be calculated by finding its eigenvalues
and eigenvectors. The eigenvectors ei and corresponding eigenvalues λi are
the solution of

Cxei = λiei, i = 1, ..., n

where the eigenvalues are found solving

|Cx − λI| = 0

I is the identity matrix with the same order as Cx. The eigenvector of the
largest eigenvalue corresponds to the direction of largest variance and hence
gives the coefficients eij.

As shown in 4.1 the projection of each observation on the principal com-
ponent line gives its score. The scores are often displayed in a score plot. In
figure 4.2 a PCA score plot of the first two PCs of drum sound data from
[21] is displayed. The results from the paired comparison listening test and
the objective test is used. The meaning of the scores can be given by the
loadings in a loading plot, see 4.3. The variables’ loadings for each princi-
pal component are given by the coefficients eij and the standard deviation
of that is accounted for by the principal component. Strong influence of a
variable to an observation’s score is achieved when location of the variable’s
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Figure 4.2: PCA score plot of the first two PCs of drum sound data from [21].

loading corresponds with the location of the observation. The distance to
the origin conveys information on how strong an impact the variable has on
the component; the further away, the stronger the impact. In the score and
loading plot it is possible to group observations (e.g. drum sounds) with
similar attributes and variables that contribute with similar information. In
figure 4.3 it is seen that the first component, which explains more than 90%
of the variance, consists of measures of the sound’s amplitude (strength);
the second, the influence of which is much less, about 8%, consists mainly
of the sharpness measure. As the perceived loudness and disturbance are
located at the same position as the amplitude measures, it is likely that the
amplitude measures have a strong influence on the perceived loudness and
disturbance. The small influence of sharpness corresponds with what was
seen in [21], where sharpness did not improve the correlation between the
perceived loudness/disturbance and the objective amplitude measures.

In sound quality investigations PCA is often applied to find how many di-
mensions account for most of the variance of the result on multiple unidimen-
sional scales or semantic scales. PCA is a common tool, especially in studies
of the perceptual evaluation of sound reproduction systems [78, 95, 96]. In
[97, 98] it is used for sound quality evaluation of diesel engines and in [80]
to define the sound character in car compartments. The result from a PCA
can also be used to find variables to be used in a following multiple regres-
sion. Moreover, as the new components are uncorrelated, any problems in
multiple regression that might have occurred if the original data consisted of
correlated parameters are removed by the use of the PCA components [87].
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Figure 4.3: PCA loading plot of the first two PCs of data from [21]. Perceived
loudness and disturbance from paired comparison listening test; the objective in-
strumental measures: Nm is the loudness measure according to [14], N is the
loudness according to [36], LA and LC are the A- and C-weighted sound pressure
levels, Lw is the weighted sound pressure level according to EN ISO 717-2 [89],
clause 4, and S is the sharpness according to Zwicker and Fastl [23].

However, an increasingly common regression tool is the partial regression
technique that generalises and combines features from PCA and multiple
linear regression, see [91] for more information.

4.3 Multidimensional scaling

Multidimensional scales, MDS, are nicely introduced in [99] as follows:

”Suppose a set of n objects is under consideration and between
each pair of objects (r, s) there is a measurement δrs, of the ’dis-
similarity’ between the two objects. For example the set of ob-
jects might be ten bottles of whisky, each one from a different
distillery. The dissimilarity, S, might be an integer score between
zero and ten given to the comparison of the rth and sth whiskies
by an expert judge of malt whisky. The judge would be given
a tot from the rth bottle and one from the sth and then score
the comparison: 0 – the whiskies are so alike she cannot tell the
difference, to 10 – the whiskies are totally different. The judge is
presented with all forty-five possible pairs of whiskies, and after
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a pleasant day’s work, provides the data analyst with a total set
of dissimilarities δrs. · · · A narrow definition of multidimensional
scaling (often abbreviated to MDS) is the search for a low di-
mensional space, usually Euclidean, in which points in the space
represent the objects (whiskies), one point representing one ob-
ject, and such that the distances between the points in the space
match, as well as possible, the original dissimilarities δrs. The
techniques used for the search for the space and the associated
configuration of points form metric and nonmetric multidimen-
sional scaling.”

In the above example, the expert judged dissimilarities of pairs using a
one-dimensional scale. In a subsequent analysis other input data given in
vectors, x1, ...,xn, that were collected or measured in other ways are com-
bined with the judge’s response creating a multidimensional space to find out
the parameters that influenced the judge’s response. MDS can be considered
as an alternative to factor analysis. In factor analysis the similarities are
expressed in the covariance matrix; in MDS any kind of similarity or dissim-
ilarity matrix can be used. MDS refers to a group of methods with slightly
different optimization algorithms to find the sought parameters. The first
well-known MDS proposal was made by Torgerson [100]. One least square
method to find the influencing parameters is to minimize the stress measure,
φ:

φ =
∑

r �=s

[d(r, s)− d′(r, s)]2

where the distance between r and s is denoted by d(r, s) and the distance
between r and s in the estimated space is denoted by d′(r, s).

As already mentioned, there are numerous methods belonging to MDS,
to find more information on Multidimensional scaling see [99]. MDS has
been used for sound quality assessment in [101] and in [102]. In [102], MDS
is used as one step out of four to find how the sound quality of a sound is
perceived. The four steps are (1) Semantic scale evaluation using PCA, (2)
Multidimensional scaling, (3) Preference mapping using paired comparison
tests and (4) Synthesis of the results. The use of various methods in different
steps where each methods’ advantages can be fully utilized, is probably a
good approach to learn more about the character of complex sounds and to
improve sound quality.
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4.4 Summary Relating subjective and objective assessment

4.4 Summary

Acoustic and psychoacoustic measures are used to find any relation between
subjective and objective assessment. Multiple regression analysis, principal
component analysis, PCA, and multidimensional scales, MDS, are presented.
It is mainly the multiple regression analysis that is used in this thesis. Mul-
tiple regression are particularly useful when there is some knowledge of the
influencing parameters, PCA is advantageous when many variables are in-
cluded and the number of influencing dimensions is sought. The advantage
of MDS is the simple test situation for the assessor as only the level of differ-
ences or similarities is assessed; the disadvantage of MDS is that the meaning
of the dimensions that are found can only be described by interpreting the
physical properties of the sounds that are located near each other. The use
of various methods in different steps where each methods’ advantages can be
fully utilized, is probably a good approach to learn more about the character
of complex sounds and to improve sound quality.
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Chapter 5

Future Work

Many parts of the drum sound field still need to be studied. Some topics are
listed here:

- A measure of the drum sound’s timbre is needed to further describe
the character of the drum sound.

- The applicability of the findings on floorings built up on joists, or
raised/access floorings needs to be further examined.

- The parameters in figure 1.3 that are not addressed in this thesis need
to be investigated, that is, the influence of walking speed, background
noise and room acoustics.

- A theoretical model of the interaction of the foot and floor system and
the produced sound radiation is needed to enable further improvement
of the drum sound.

- Drum sound measurements in field (both subjective and objective) to
find out the proposed drum sound norm’s applicability in field.
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fussböden. Techn. Rep. 12207N, Fraunhofer-Institut für Holzforschung,
Wilhelm-Klauditz-Institut (WKI), Braunschweig, 2002.

49



BIBLIOGRAPHY BIBLIOGRAPHY

[11] EN ISO 140-8:1997, Acoustics – Measurement of sound insulation in
buildings and of building elements – Part 8: Laboratory measurements
of the reduction of transmitted impact noise by floor coverings on a
heavyweight standard floor.

[12] B. Plinke, J. Gunschera: Harmonisierung in Sicht : Prüfverfahren für
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Summary
In many acoustic environments, for example, buildings or vehicles, as well as in product development, etc., there is
a need to rank and classify sounds. A frequently used procedure is the paired comparison test. A number of ways to
perform and analyse this test exist. In this paper a comparison of different existing approaches is made. The main focus
is set on the basic models by Thurstone-Mosteller and Bradley-Terry. Extensions to both of the models, concerning
ties, are presented along with a discussion of when they should be used. Thereafter, procedures to test whether the cal-
culated ranking values are statistically different are presented. The advantages and disadvantages of these methods are
discussed, and some examples are given which consider the responses from tests on drum sound from floor coverings.
It is seen that the choice between these models is not crucial. Ties are generally recommended as they add information
and can decrease the results’ confidence intervals/regions. The model by Bradley-Terry and its extensions are recom-
mended. However, if only scale values are requested, the treatments are somewhat similar in character and no ties are
allowed, the Thurstone-Mosteller model is recommended due to the simplicity of the calculations.

PACS no. 43.66

1. Introduction

In many acoustic environments, for example, buildings or
vehicles, as well as in product development etc., there is
a need to rank and classify sounds. In [1] a review of
some psychological methods for evaluating sound qual-
ity (mainly response scales) is presented. Scales have the
advantage in that they can produce an absolute value cor-
responding to a certain sensation. However, scales can be
hard for an assessor (the listener) to use — uncertainties
about whether the assessors have used and understood the
scale equally can occur — and it can therefore be difficult
for the researcher to analyse the result. A way of avoiding
this problem is to use paired comparison tests. In such a
test the assessors are asked to tell which of two treatments
— or stimuli or sounds — has a certain attribute (such as a
pleasant sound). The need for the assessor to have a longer
term memory is eliminated and more consistent answers
can be achieved. In [2] the method of paired comparison,
the method of equal-appearing intervals and the method
of successive intervals were compared in the evaluation of
annoyance response to engine sounds. It was concluded
that consistent judgements of annoyance were observed
by the paired comparison data. Judgements of annoyance
using the methods of equal-appearing intervals and suc-
cessive intervals were made consistently only by trained
assessors. Recently in [3] various listening-test methods
were compared. It is concluded that the discrimination
power was greater for the paired comparison test than for
the methods using scales.

One disadvantage of paired comparison models is that
no absolute values corresponding to a certain attribute are
given, but only relative values. Another disadvantage is
the rapid growth of comparisons needed when the number
of treatments increases. This could, however, be treated

to some extent by the use of incomplete balanced design
where not all pairs are compared in the test. Scales and
paired comparison methods can complement each other
and should not be seen as two alternatives; the choice
should be based on how the result is to be used.

In [4] a paired comparison model allowing ties, i.e. al-
lowing treatments to be declared equal, by Rao and Kup-
per [5] is used. Questions regarding the various methods
to analyse the result arose as there are a number of ways
to perform and analyse paired comparison tests. In [3] the
scores from the paired comparison test were reported to be
similar when using different methods to analyse the result.
Is that a coincidence? The intention of this paper is to in-
crease the knowledge of these models, point out the main
ideas behind these models and clarify their differences and
applicability in listening tests.

Two major basic pair comparison methods exist today,
the Thurstone-Mosteller [6, 7] model and the Bradley-
Terry model [8, 9]. These models are both so-called linear
models. The linear paired comparison model is defined by
David [10] as

P (Ti→Tj)= H(Vi − Vj);

that is, the probability of choosing treatment Ti when
compared with Tj is a function of the difference in their
strengths (or scores) Vi and Vj only, where the function
H is a symmetric cumulative distribution function1. The
Bradley-Terry model assumes a standard logistic distribu-
tion function and the Thurstone-Mosteller model assumes
a normal (Gaussian) distribution function.

Sometimes the assessors are not able to discern any dif-
ference in the pair. This is the case when the treatments

1 In statistics a symmetric cumulative distribution function has
the properties that H(−x) = 1 − H(x)
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are equal in the specific attribute assessed or when the dif-
ference is too small to be perceived. When ties are not al-
lowed, the assessors are forced to make a selection and the
choice is, hopefully, made randomly. When no models for
handling ties were developed, a way of excluding this ran-
dom behaviour from the input data was to allow ties in the
test but to ignore them in the analysis. Even though mod-
els that do allow ties in the analysis were developed dur-
ing the 60’s and 70’s [11, 5, 12], there are situations where
they are not used today although they could increase the
information in the analysis.

The paired comparison methods result in a magnitude
rating of the included treatments regarding the attribute
that the question concerns. In the last section of this pa-
per, statistical methods are presented to check whether the
observed differences are significant.

An attempt has been made to maintain consistency in
notation within this paper rather than to follow the nota-
tions of the original papers.

The models will be presented with the result of three
test examples described in the following section to show
the similarities and differences between the models and
to enable verifying calculations. In section 3 models ex-
cluding ties are presented, starting with the Thurstone-
Mosteller model [6, 7], followed by the Bradley-Terry
model [8, 9] and the Gamma paired comparison models by
Stern [13, 14] who shows that the models by Thurstone-
Mosteller and Bradley-Terry can be described in a general
way using gamma random variables. In section 4 mod-
els including ties are presented including an extension of
the Thurstone-Mosteller model by Glenn and David [11],
and two extensions of the Bradley-Terry model by Rao
and Kupper [5] and Davidson [12]. Methods to estimate
whether or not there are significant differences in the stim-
uli’s scores are presented in section 5. An analytical for-
mulation to find the level of significant difference in a pair
is presented for the models based on the Bradley-Terry
model. In the final section conclusions and recommenda-
tions to design a paired comparison test and to select an
evaluation model are given.

It is seen that the choice of either Thurstone-Mosteller
or Bradley-Terry is not crucial. As the former model pro-
vides an algebraic solution, it is recommended when scale
values are requested. However, when estimations of their
differences are to be made, when the treatments are inho-
mogeneous or if the design is either incomplete or unbal-
anced, the latter model is recommended. When preference
is the objective, ties should be allowed as they add infor-
mation. The confidence intervals of the treatment ratings,
calculated from the data in the test examples, are shorter
when ties are allowed. The use of ties enabled the discov-
ery that the sampling distribution of the normal for one
pair of the sounds is binormal; a test without ties would
conceal that information. The choice between the Rao-
Kupper and Davidson models in terms of their ability to
handle ties is not critical.

Table I. Example 1: The frequency, aij , with which the row i drum
sound, DS, is assessed louder than column j drum sound; no ties
were allowed. 24 assessors participated.

DS A B C D E

A - 13 22 22 22
B 11 - 24 24 21
C 2 0 - 18 13
D 2 0 6 - 10
E 2 3 11 14 -

Table II. Example 2: Listening test allowing ties with 24 participant
assessors. In the top matrix the frequencies, aij , with which the row
i drum sound, DS, is assessed louder than column j drum sound are
shown; the lower matrix shows the reported number of ties, aij0.

DS A B C D E

A - 14 21 21 21
B 9 - 14 22 17
C 3 0 - 8 7
D 2 0 4 - 2
E 3 1 2 4 -

A - 1 0 1 0
B - - 10 2 6
C - - - 12 15
D - - - - 18
E - - - - -

2. Test examples

This section data from three listening tests on drum sound
are presented. The data will be used to show the similar-
ities and differences between the various paired compari-
son models and to enable verifying calculations.

In a listening test reported in [15] 24 assessors were
comparing the loudness of five recorded drum sounds. The
question was: ”Which of the sounds is louder (Swedish
ljudstarkast)?” Drum sound refers to the sound that oc-
curs when an object, e.g. a foot, strikes the flooring in the
same room as the receiving ear. The drum sounds were
recorded with a person walking on various laminate floor
coverings. The presentation order of the comparisons was
random. The assessors came twice within three days with
at least 4 hours in between each time. One half started by
comparing the sounds without ties permitted, hence they
were forced to make a selection; the second time they par-
ticipated ties were allowed. The other half performed the
test in the reversed order. In table I the result from the lis-
tening test when no ties were allowed is shown. In table II
the test results when ties were permitted are shown. The
results are given in frequencies aij with which the row
drum sound i is assessed louder than column drum sound
j; a0ij denotes the number of ties. Proportion of times that
the row drum sound i is assessed louder than column drum
sound j, pij , are then given by pij = aij/nij where nij is
the total number of comparisons made for the pair (i, j),
nij = aij + aji(+a0ij).
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Table III. Example 3: Listening test allowing ties with 31 participant
assessors. In the top matrix the frequencies, aij , with which the row
i drum sound, DS, is assessed louder than column j drum sound are
shown; the lower matrix shows the reported number of ties, aij0.

DS A3 B3 C3 D3 E3 F3 G3

A3 - 8 15 29 7 31 1
B3 4 - 15 30 3 29 3
C3 0 0 - 25 0 29 0
D3 1 0 1 - 1 21 0
E3 9 13 23 30 - 31 0
F3 0 1 0 1 0 - 1
G3 25 24 29 31 24 30 -

A3 - 19 16 1 15 0 5
B3 - - 16 1 15 1 4
C3 - - - 5 8 2 2
D3 - - - - 0 9 0
E3 - - - - - 0 7
F3 - - - - - - 0
G3 - - - - - - -

In another listening test, reported in [16], 31 assessors
compared the loudness of seven recorded drum sounds,
not the same as above. The same question was used:
”Which of the sounds is louder?” The presentation order
of the comparisons was random. Ties were permitted. In
table III the test results are shown.

3. Models excluding ties

The method of paired comparisons is found as early as
1860 when Fechner published Elemente der Psychophysik
[17], translated to English in 1965 [18]. Fletcher defined
psychophysics as ”an exact science of the functional re-
lations of dependency between body and mind”. Fletcher
included in psychophysics the measurement and quantifi-
cation of the perception, in order to find the correlation
between the psychological scales and the physical mea-
surements of the stimuli [19]. Fletcher used vessels and
assessed which, out of two, was the heaviest. The variabil-
ity of the apparent mass was determined by assuming the
mass to be normally distributed about the true mass [10].
Thurstone [6, 20] used these psychophysical scaling meth-
ods for measurements of psychological stimuli that could
not be measured by physical methods, and published in
1927 a paper which, with extensions made by Mosteller
[7], formed one of the methods for paired comparisons
used today.

3.1. Thurstone-Mosteller model

Thurstone’s law of comparative judgement assumes that
every given stimulus, Ti, is associated with a sensation,
Xi, and that this process can be ordered on a psycholog-
ical scale. How a group of stimuli is ordered depends on
the attribute that is of interest. However, even though the
attribute is set, a given stimulus does not always produce
the same sensation but fluctuates around its ”true” scale

Figure 1. The distributions of the produced sensations for two stim-
uli on a psychological scale.

value, Si = mean of Xi. The scale is then defined so that
the fluctuation forms a normal distribution. In figure 1 the
distributions of the produced sensation for two stimuli on a
psychological scale are shown. It is seen that when stimuli
Ti and Tj are compared Ti will usually be given a higher
degree than Tj of the attribute that is of interest, but the re-
verse, Xj > Xi, might happen. Actually, this has to hap-
pen in order to have anything but a rank order.

The difference between Ti’s and Tj’s scale value is
given by

Si − Sj = zij

√
σ2

i + σ2
j − 2rijσiσj , (1)

where Si, Sj and σi, σj are the scale values and standard
deviations for stimuli Ti and Tj respectively. zij is the nor-
mal deviate corresponding to the proportion of times Ti is
selected over Tj , i.e. zij = Φ−1(pij) when Φ is the nor-
mal cumulative distribution function and pij = aij/nij .
rij is the correlation coefficient between Ti and Tj . In fig-
ure 2 the distribution of the sensation difference, Xi−Xj ,
is shown. The most common difference (the mean value)
is assumed to be the true difference. The shaded area rep-
resents the proportions of assessments Ti stronger than Tj ,
pij , and it is that information that is received in a compar-
ison test. It is thus from these proportions that estimates
of the scale values are to be set and the fitting is made so
that the scale values best satisfy the observed proportions.
Estimates are here denoted with an ”∗”; S∗

i is for example
the estimate of Si.

Based on equation (1) Thurstone lists five cases with
increasing degrees of assumption and simplification. In all
of these cases comparisons Ti − Ti are not allowed; that
is, no comparison of the treatment with itself is allowed.

Case I
If the correlation was allowed to vary for each com-
parison the problem would be unsolvable; therefore the
correlation coefficient, r, is in Case I set to be constant
throughout the test for the single assessor, i.e. rij = r. At
least five stimuli are, however, needed to make the system
solvable.
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Figure 2. Distribution of the sensation difference, Xi − Xj .

Case II
In Case II the conclusions are drawn based on the result
from a group of assessors. The assumption is then made
that the distribution of the degree of an attribute perceived
by a group of assessors is normal. The assumption of
Case I applies in II as well.

Case III
When the stimuli are homogenous so that the distracting
attributes are few, it can be assumed that the correlation
coefficient between the stimuli is low. In Case III it is set
to zero; that is, it is assumed that the decision made about
one stimulus does not affect the decision about the other
stimuli. The assumptions of Case II remain in Case III.

Si − Sj = zij

√
σ2

i + σ2
j (2)

At least five stimuli are needed to make this system
solvable.

Case IV
In Case IV it is assumed that the standard deviations are
similar so that they can be related as

σj = σi + d

where d is assumed to be smaller than σi and preferably
less than 0.5σi. Equation (1) can then be approximated to

Si − Sj = 0.707zij(σi + σj).

At least four stimuli are needed to make this system
solvable. As both σi and σj are still needed, the work
needed in solving the equations is not very much reduced,
so it is recommended to use Case III instead of Case IV.

Case V
The most commonly used case is Case V. It is here
assumed that all standard deviations are equal. Thurstone
assumed in [20] that the correlation coefficient r is zero,
but Mosteller later showed that this restriction can be

Table IV. Design of the proportion matrix showing the proportions
of assessments Ti (row) stronger than Tj (column)

T1 T2 . . . Tt

T1 – p1>2 = p12 . . . p1>t = p1t

T2 p2>1 = p21 – . . . p2t

. . . . . . . . . – . . .
Tt pt>1 = pt1 pt2 . . . –

limited to be constant without any changes in solution
method [7]. The model is now:

Si − Sj = zij

√
2σ2(1− r)

As 2σ2(1 − r) can be seen as a scale factor that, without
loss of generality, can be set to unity, we have

Si − Sj = zij (3)

Mosteller also showed that Case V can be written

P (Ti→Tj)=P (Xi>Xj)=
1√
2π

∫ ∞

−(Si−Sj)

e−
1
2 y2

dy (4)

and that the approach Thurstone presents in e.g. [21] is
a least square solution of the stimulus positions on the
sensation scale. In the next section the least square solu-
tion will be presented; however, maximum likelihood es-
timates of the scale values can also be used as discussed
in the following section.

3.1.1. Calculation procedure — Least square solution

From the paired comparison test the pij values as in table
IV are given. A way to proceed with the calculation is to
first apply Case V and then test the goodness of fit with
a chi-square test. In the goodness to fit test the model’s
ability to describe the original data from the listening
test is tested. If there is reason to believe that the Case
V model is inappropriate, the Case III model should be
tested and checked with another chi-square test. (Case
IV is not worth trying in between as the work input is
the same as for Case III.) How to proceed with the more
complex Cases I and II, if needed, is not described here.
However, an approximation of Case I can be found in [22].

Case V, complete data
After arrangement of the proportion matrix the normal
deviates of each pij are calculated. Estimates of the scale
values, S∗

i , i = 1, ..., t, for the t stimuli assuming Case V
are then received as

t∑

j �=i

zij = (t− 1)Si −
t∑

j �=i

Sj

= (t− 1)Si − [0− Si] = tSi

S∗
i =

1
t

t∑

j �=i

zij . (5)
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Table V. Matrix of successive row differences of the normal deviates
of the values in table IV.

1 2 . . . t

2 − 1 z21 − z11 z22 − z12 . . . z2t − z1t

3 − 2 z31 − z21 z32 − z22 . . . . . .
. . . . . . . . . . . . . . .

t − (t − 1) zt1 − z(t−1)1 . . . . . . ztt − z(t−1)t

where the sum of the scale values is set equal to zero, i.e.
the average scale value is equal to zero.2 A negative scale
value then indicates that the stimulus is assessed as less
strong than the average and a positive thus indicates that
the stimulus is stronger than the average. If wanted, a posi-
tive scale can be achieved by adding a constant to the scale
values as the origin is arbitrary.

In the solution above it is assumed that we have a com-
plete set of data. When some information is missing an-
other approach is needed; see the section below.

A drawback of the law of comparative judgement is that
when the proportions of an assessment, pij , tend to zero
or one, large numbers of zij are then introduced and in the
limit zij becomes indeterminate. Mosteller recommends
that these entries in the matrix be excluded whenever
|zij | exceeds 2, which corresponds to a pij > 0.977 or
pij < 0.023 [7]. Edwards suggests that when the number
of assessors is large, more than 200, pij values of 0.99
or 0.01 might be used; otherwise his recommendation is
in line with Mosteller’s [23]. The same approach as with
incomplete data should thereafter be taken.

Case V, incomplete data
The approach presented follows Edwards [23].
1. Arrange the stimuli in approximately ranking order.

An approximate order can be arranged by calculating
the row or column sum.

2. Calculate the normal deviates zij (exclude entries
whenever |zij | exceeds 2.

3. Calculate the successive differences of the row entries
as presented in table V. The successive differences are
only calculated whenever both entries are known. Con-
sider diagonal entries zii as known (value = 0).

4. Sum each row and divide this sum with the number of
contributing equations, k, for that row.∑t

j=1(zij − z(i−1)j)/k = Di(i−1)

5. Estimates of the scale values are given by cumulatively
adding the mean values as
S∗

i = S∗
i−1 + Di(i−1), S

∗
1 = 0, i = 2 . . . t

Case V, goodness to fit
To check that the assumptions of Case V are right, a good-
ness to fit test can be made. A chi-square test presented by

2 The row subscript is here given first and the column sec-
ond. Please note that in the references concerning the Thurstone-
Mosteller model, the matrix notation is reversed so that the summa-
tion is made for each column. The upper limit is in this paper always
t and is from now on omitted in the equations.

Mosteller [7] is given here.3 The null hypothesis, H0, is to
test if the model of Case V is true and the alternative hy-
pothesis, Ha, is the model is not true for some i, j, i �= j.

H0 : p∗ij = pij i �= j, i, j = 1, ..., t

Ha : p∗ij �= pij for some i, j, i �= j

Mosteller then uses the inverse sine transformation to take
into account that even for rather large nij sampling dis-
tribution proportions close to 1 are not normal. The sam-
pling distrubution of the statistic arcsin√pij is, however,
normal. The hypothesis is tested on a chosen significance
level, α. α is the probability to reject a hypothesis even
though it is true and making a so-called Type I error [25].
By lowering α we are setting a stronger demand on our
hypothesis. The goodness to fit is calculated by

χ2 =
∑

i<j

(
arcsin

√
p∗ij − arcsin√pij

)2

821/nij
(6)

where p∗ij is the estimated proportions and pij is the
observed proportions, pij = aij/nij . p∗ij is given by
p∗ij = Φ(zij) where Φ is the normal cumulative distri-
bution function and zij is calculated using the estimated
scale values in equation (3). arcsin√pij is measured in
degrees; the value 821/nij is approximately the standard
deviation of arcsin√pij . nij is the number of comparisons
per stimulus pair (i.e. equal to the number of assessors if
each assessor compares every pair once).

The calculated chi square is then used to check the sig-
nificance of the discrepancies. The number of degrees of
freedom for a test with complete data is (t− 1)(t− 2)/2.
(There are t(t − 1)/2 pairs and (t − 1) estimates.)
For an incomplete data set, the degrees of freedom are
reduced further by the number of absent comparisons.
It is recommended to always report the P -value of the
significance, that is, the smallest level of significance that
would lead to rejection of the null hypothesis. A high
P -value then indicates high likelihood of doing wrong if
the null hypothesis is rejected. Guilford [24] recommends
using the 0.01 level to reject the hypothesis that the model
is tenable. If the P -value is considered too low, e.g.
< 0.01, there is something wrong with the assumptions of
normality, unidimensionality or equal standard deviation.
An effect of nonunidimensionality is circular triads, that
is, A is chosen over B, B is chosen over C but C is
chosen over A. If circular triads are suspected, methods
to determine the number of circular triads can be found
in [10, 26, 27]. In an investigation concerning circular
errors using sounds recorded in a duplex high speed train
(TGV) it is concluded that the result using assessors with
a rate of mistakes of less than 10% (11 persons) is only
slightly affected compared to when using all assessors
(35 persons) regardless of their rate of mistakes; the rate
of mistakes should instead be used as an indication of

3 Although Guilford [24] uses Mosteller’s chi-square test he
points out that such a test assumes zero correlation between the stim-
uli.
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the difficulty of the test [26]. If the problem of poor
goodness to fit is unequal standard deviation, it is solved
by applying Case III. It has, however, been commented by
several authors that this test is unsensitive to the normality
assumptions [7, 24] and accepts too easily the model in
general [10]. Mosteller has shown that if the standard
deviation of one stimulus is different it will only affect the
scale value of that stimulus, and if it is scaled close to the
mean of the scale with the Case V model, the influence of
the different standard deviation is slight [7].

Case III
Burros presented the following approach to receive esti-
mates of the standard deviation [28]. In the development it
is assumed that the standard deviations are still somewhat
similar.

The variance, Vi, of the normal deviates of each row i
in table IV is given by

Vi =

√∑t
j=1 (zij − z̄i)

2

t

where z̄i is the mean of the zij values in row i. The stan-
dard deviations can then be estimated by

σ∗
i =

2t (1/Vi)
∑t

i=1 1/Vi

− 1. (7)

Every normal deviate of the proportions in table IV should

then be multiplied with
√

σ∗
i
2 + σ∗

j
2. The procedure de-

scribed for Case V (complete or incomplete data) can
thereafter be applied.

Case III, goodness to fit
By the use of equation (2) and the estimates
S∗

i , i = 1, ..., t, estimates p∗ij of pij can be retrieved
from p∗ij = Φ(zij). A similar procedure to that in Case V
is thereafter applied, but the number of degrees of freedom
for a complete set of data is reduced to (t−1)(t−4)/2 as
another (t−1) degrees of freedom is lost in the estimation
of the standard deviations. For an incomplete set, the
degrees of freedom is reduced further by the number of
absent comparisons.

As the degree of freedom is decreased it has been no-
ticed by Guilford that the goodness to fit of Case III
might decrease compared with Case V [24]. The test is
thus sometimes undersensitive and sometimes oversensi-
tive, but it is nevertheless recommended to perform this
test.

3.1.2. Calculation procedure — Maximum likelihood
solution

In the preceding section a least square solution was pre-
sented. It is the most popular approach as the solution is
algebraic. A more statistically efficient approach is, how-
ever, given the use of maximum likelihood estimates. The
number of times Ti is selected over Tj is then assumed
to be a sample of a binomial distribution and estimates of

the scale values are found by maximizing the likelihood
function, LT

LT =
∏

i<j

(
nij

aij

)

p
aij

ij (1− pij)
nij−aij (8)

where aij is the number of times Ti was selected over Tj

and nij = aij+aji. pij is for the Case V model the normal
deviate of (Si−Sj) and for Case III the normal deviate of

(Si − Sj)/
√

σ2
i + σ2

j .

In [29] a Monte Carlo EM algorithm to find the maxi-
mum likelihood estimation, evolved for the case when the
number of items is large, is demonstrated.

In this paper, however, only the least square, algebraic,
solution is used.

3.2. Bradley-Terry model

In 1929 Zermelo presented a paper in which he wonders
how to evaluate chess players in a tournament where no
player had yet met any other [30]. If the strength of every
player is denoted πi, the probability of a win when player
i meets j would, according to Zermelo, be

πij =
πi

πi + πj
.

Zermelo then presents the ’combined probability’ (i.e. the
likelihood function) and maximizes it to obtain estimates
of the πi. He comments that the ranking of the players
is the same as when the score is given by the number of
wins as long as the tournament is balanced, nij = n, i.e.
the number of comparisons per stimulus pair is constant.
Zermelo’s work was not used in applications other than
tournaments, however, and it was not until Bradley and
Terry presented their similar but more extensive work that
the model became more widely known.

The Bradley-Terry model [8, 9] gives maximum-
likelihood estimates of the treatment ratings using a gener-
alization of a binomial model and distribution. The proba-
bility of choosing Ti when compared to Tj is given as

P (Ti→Tj)=
πi

πi + πj
=

=
1
4

∫ ∞

−(ln πi−ln πj)

sech2(y/2)dy (9)

where πi, ..., πt, are the treatment ratings representing rel-
ative selection properties for the t treatments, i �= j, i, j =
1, ..., t. As for the Thurstone-Mosteller model, compar-
isons Ti with Ti are not allowed. The probability can also
be described as an integral of the squared hyperbolic se-
cant as shown above, where the probability is seen to be
dependent on the natural logarithm of the π-values of the
treatments. This is the reason why comparison of the treat-
ments should be made on the natural logarithm of the
treatment ratings, by Bradley and Terry called the true
merits.
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3.2.1. Calculation procedure

The binomial component of the likelihood function is here
(

nij

aij

)(
πi

πi + πj

)aij
(

πj

πi + πj

)aji

where aij is the number of times Ti was selected and aji

is the number of times Tj was selected (aij + aji = nij).
The complete likelihood function, LB , then becomes

LB =
∏

i<j

(
nij

aij

) ∏t
i=1 πai

i∏
i<j(πi + πj)nij

(10)

where ai =
∑

j,j �=i aij . By maximizing the natural loga-

rithm of LB and using the constraint
∑t

i πi = 1, estimates
π∗

i of πi are obtained:

ai

π∗
i

−
∑

j,j �=i

nij

π∗
i + π∗

j

= 0, i = 1, ..., t

and
∑

i

π∗
i = 1

The solution is received iteratively. Starting values may be
π
∗(0)
i = 1/t. Estimate π∗

i of πi is then

π
∗(k)
i = π̂

(k)
i

/∑

i

π̂
(k)
i

where

π̂
(k)
i = ai

/
∑

j,j �=i

[
nij

/(
π
∗(k−1)
i + π

∗(k−1)
j

)]

True merits of the treatment are thereafter achieved by tak-
ing the natural logarithm of the final treatment ratings.

What Zermelo remarked about the agreement in a bal-
anced experiment of the ranking based on the maximum-
likelihood estimates to the ranking based on the total num-
ber of selections of one treatment, ai, Ford has shown in
[31]. However Ford also concludes that when the experi-
ment is not balanced the estimates π∗

i still provide an ap-
propriate ranking, which the ai do not.

Unlike the Thurstone-Mosteller model, there is no
problem in the Bradley-Terry model if, for some pairs,
one of the treatments is always chosen, i.e. when pij = 1.
Still, as for the Thurstone-Mosteller model, problems
arise when one or several of the treatments are always
chosen in favour of all the others. Whenever this is
the case, the treatments must be separated into smaller
groups and analysed separately. However, this is seldom a
problem as the treatments often are somewhat similar.

Goodness to fit
Bradley presents in [9] two likelihood-ratio tests to check
the adequacy of the model. The null hypothesis is

H0 : πij = πi/(πi + πj) i �= j, i, j = 1, ..., t
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Figure 3. The standard normal (dashed), standard logistic (solid) and
angular, section 4.1, (dotted) cumulative distribution function.

and the alternative hypothesis is

Ha : πij �= πi/(πi + πj) for some i, j, i �= j.

As the methods presented are asymptotically equivalent
only one of them is presented here. The statistic is

χ2 =
∑

i�=j

nij{pij − [π∗
i /(π∗

i + π∗
j )]}2

[π∗
i /(π∗

i + π∗
j )]

where pij = aij/nij and π∗
i , π∗

j are the estimates of
πi, πj , i, j = 1, ..., t. For large nij , χ2 has a chi-square
distribution with 1

2 (t − 1)(t − 2) degrees of freedom if
the null hypothesis is true. Terms with small nij should be
omitted (and the numbers of freedom reduced by one for
each pair omitted) according to [32]. Bradley omits terms
with nij = 0 in [9].

3.3. Stern — Gamma paired comparisons models

As can be seen by comparing equations (4) and (9),
the models by Thurstone-Mosteller and Bradley-Terry
have similarities. The Thurstone-Mosteller model assumes
a normal (Gaussian) distribution function whereas the
Bradley-Terry model assumes a standard logistic distribu-
tion function. Their cumulative distribution functions can
be seen in figure 3. The probability P (Ti → Tj) is seen
to be dependent on the difference in merits (Si−Sj) and
(ln πi−ln πj) respectively.

Stern has shown that these models can be described in
a general way using gamma random variables and that
the two models above are special cases of his approach
[13, 14]. The outcome of a paired comparison is in his
model determined by comparing the waiting time for r
events to occur in each of the two processes. The starting
point is that a player, or treatment Ti, scores points accord-
ing to a Poisson process with rate πi. The scoring process
for the different players is assumed to be independent. The
time until player Ti scores 1 point is then an exponential
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Figure 4. Preference probabilities i gamma paired comparison
model as function of the ratio of the scale parameters πi/πj .

random variable, or equivalently a gamma random vari-
able with shape parameter r = 1, i.e. Xi ∼ Γ(1, πi). The
probability that player Ti scores before Tj is then the prob-
ability that Xi ∼ Γ(1, πi) is less than Xj ∼ Γ(1, πj) for
independent random variables Xi,Xj . This probability is
shown to be the Bradley-Terry probability as in equation
(9). By comparing gamma random variables with shape
parameters other than one, other gamma paired compari-
son models are obtained. The probability that treatment Ti

is chosen over Tj is then

P (Ti→Tj)(r) = P (Xi < Xj) =

=

∞∫

0

xj∫

0

πr
i xr−1

i e−πixi

Γ(r)
πr

j xr−1
j e−πjxj

Γ(r)
dxidxj. (11)

This can be shown to be a function of the shape parame-
ter r and the ratio of the scale parameters πi/πj . As men-
tioned above, r = 1 equals the Bradley-Terry model. Stern
also shows that as r →∞, with πj = πi + ∆r−1/2πi, the
Thurstone-Mosteller model is achieved. The behaviour of
this probability with different shape parameters is shown
in figure 11. It can be seen that for increasing r, a small
difference in the scale values gives larger differences in
pij .

To answer the question of whether all models that can
be seen as gamma paired comparison models are the same,
Stern calculates the goodness to fit using a likelihood ratio
test on various sport data sets [14]. Analysing models with
r = 0.1, 1, 10 and 50, the fit is seen to be similar for all
models and no model is always better than all the others.
As the models differ most for extreme values of pij , Stern
generates such data using r = 0.1 and then checks how
many comparisons are needed using the r = 50 model to
significantly distinguish between the models. The number
was then 250! He concludes that the paired comparison
analysis is not very sensitive to the choice of distribution
within the class of linear models. It is more important to
determine whether a linear model is appropriate.

Table VI. Scale values, S∗
i , true merits, ln(π∗

i ), and goodness to
fit P -value using the Thurstone-Mosteller model (Cases V and III,
algebraic solution to incomplete model) and Bradley-Terry model.

Drum sound Case V Case III B-T

A 1.60 2.70 -0.82
B 1.46 2.39 -0.76
C 0.42 0.90 -3.24
D 0 0 -3.99
E 0.25 0.61 -3.38

P -value 0.79 - 0.35

3.4. Example

With the data from the test example, scale values using the
Case V and III models of Thurstone-Mosteller (algebraic
solution) and true merits using the Bradley-Terry model
are calculated. These results are shown in table VI along
with the goodness to fit data. As the data are incomplete,
pij is one and zero at some comparisons, the incomplete
model for the Thurstone-Mosteller model is used. The or-
der of the data then becomes important. The order D, E, C,
A, B, corresponding to the order of increasing row sum of
table I, gave in this case the highest P -value and is shown
in table VI. The P -value for Case III could not be calcu-
lated as the degrees of freedom was zero; as mentioned be-
fore, five stimuli is the least number of stimuli solving the
equations for Case III, giving 10 unknowns and 10 equa-
tions to solve. The true merits, ln(π∗

i ), are calculated until
the relative change in the true merits from one iteration to
the next is less than 0.001, which resulted in 31 iterations.
In figure 5, the scale values of both Case V and Case III
are plotted against the true merits. Least-squares fit lines
are also added. As the data fit well to the least-squares fit
the similar results produced by the linear models are clear.
Thus, there does not seem to matter which model one uses
to get the scores (scale values or true merits) of the treat-
ments, as the scores relation to each other is similar for the
three models.

4. Models including ties

Sometimes the assessors are not able to reveal any differ-
ence in the pair. This is the case when the treatments are
equal in the specific attribute assessed or when the differ-
ence is too small to be perceived. The models above do
not allow ties, and in such cases the assessors are forced
to make a selection and the choice will therefore be made
randomly. There is, moreover, a risk that when ties are
not allowed and the assessor is unable to make a decision
the decision will be based on extraneous criteria that in-
troduce bias into the test. To overcome such effects, ties
were sometimes allowed even though no model for han-
dling ties existed. The random answers for comparisons
where the assessors could not discern a difference were
eliminated most simply by allowing them in the test but ig-
noring them in the analysis. Some experimenters divided
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Figure 5. Comparison of scale values. On the horizontal axis is the
natural logarithm of the estimated πi values according to Bradley-
Terry. On the vertical axis is the estimated scale value according to
Thurstone-Mosteller. Crosses represent Case V and open dots Case
III (same Bradley-Terry model for both). Least-squares fit lines are
added to show the similarities of the models.

the ties by splitting them. Gridgeman [33] writes about
a test made by Hemelrijk where it is proved that leaving
ties out of consideration makes a more powerful test than
if the ties are equally distributed. However, models that do
allow ties in the analysis were developed during the 60’s
and 70’s [11, 12, 5] and there is no longer any need to
leave the ties out as information then is lost.

Some who oppose the inclusion of ties highlight the risk
of assessors choosing to declare a tie when, with some
effort, they might have been able to detect a difference.
Gridgeman [33] has investigated this problem and he gave
the following recommendations. When discrimination is
the objective (i.e. one treatment (sound) is divergent from
all the others and it is studied if the divergent treatment is
perceived differently) it is better to prohibit ties as the as-
sessors’ efficiency of decision making might be offset, but
when preference is the objective, ties should be allowed
as they add information. In the investigation referred to
in section 3.1.1, the number of circular triads was investi-
gated when ties were allowed versus when ties were pro-
hibited [26]. Especially when the sounds were similar, the
number of circular triads increased when ties were prohib-
ited. The effect of the possible increased efficiency of the
assessors when prohibiting ties might therefore be offset
due to circular triads unless only assessors with high con-
sistencies are included, which would also reduce the final
number of assessors used.

It has been noticed by the author that, in some cases,
assessors’ preferences are not normally distributed; in
the case of drum sound, some assessors prefer a darker
sound while others prefer the more highly pitched sounds.
Hence, the sampling distribution seems not to be normal,
but binormal, which the models here would not be able to
treat correctly. If ties are not permitted, a 50-50 relation-
ship of two treatments would incline one to conclude that
the treatments are equal, but if ties are allowed and we still
have the same relationship and no ties reported, we can

suspect the treatments are not equal but are only given the
same amount of preference. When comparing the result in
the test example it can be seen that for the C-E pair when
no ties were allowed, 13 assessors reported C to be louder
than E, and 11 reported E to be louder than C. The same
relationship is seen for the A-B pair. However, when ties
were allowed, 15 assessors declared a tie for the C-E pair,
but only 1 assessor declared a tie for the A-B pair! This in-
formation gives the investigators a chance to look further
into the problem: are there any differences in the stimuli
other than what is asked for that might have influenced the
test, and do these differences have different impacts on dif-
ferent groups of assessors? In this test example the charac-
ter of the sounds of C and E was similar, but A and B had
different pitches. In some cases these differences are not
considered important, and a mean behaviour is searched
for, but in other cases, such as in product development,
this could indicate a possible differentiation of the prod-
uct. Ties also give the proportion of assessors that cannot
distinguish between the products, which is also valuable
information when deciding to market one of the products
or both, or when switching products. Hence, the use of ties
provides a tool to give more information about the sound
and its influence on the assessors.

4.1. Glenn and David’s extension of
Thurstone-Mosteller’s model

In Thurstone-Mosteller’s original model no ties were per-
mitted. A threshold model to handle ties was presented by
Glenn and David [11] based on Thurstone’s model. If

F (b̃) =
1√
2π

∫ ∞

−b̃

e−
1
2 y2

dy,

the probability P (Ti → Tj), i, j = 1, ..., t, can, according
to Thurstone-Mosteller’s model, be written

P (Ti → Tj) = P (Xi > Xj) = F (Si − Sj).

Glenn and David define an interval of length 2τ around the
origin where an assessor cannot distinguish between Xi

and Xj but declares a tie. The probabilities that (Ti → Tj),
(Tj → Ti) and (Ti = Tj) are then

P [(Xi−Xj) > τ ] = F (−τ + Si − Sj)
P [(Xi−Xj) <−τ ] = 1− F (τ + Si − Sj)
P [|Xi −Xj | ≤ τ ] = F (τ +Si−Sj)−

−F (−τ +Si−Sj)

Replacing the parameters above with their estimates gives

F−1(pij + p0ij) = F−1(b̃ij) = τ∗ + S∗
i − S∗

j

F−1(pji + p0ij) = F−1(b̃ji) = τ∗ − S∗
i + S∗

j

and the system is thereafter rearranged so that least square
estimates of S∗

i and τ∗ can be retrieved. However, Glenn
and David show these to be dependent variables using the
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normal distribution function and replace the distribution
with

F (b̃) =
1
2

∫ π/2

−b̃

cos y dy =
1
2
(1 + sin b̃).

In figure 3 the normal cumulative distribution function
(dashed) and the cosine function’s cumulative distribution
(dotted) are shown. The estimates are then

τ∗ = 1
2

[
arcsin(2b̃ij−1)+arcsin(2b̃ji−1)

]

S∗
i − S∗

j = 1
2

[
arcsin(2b̃ij−1)−arcsin(2b̃ji−1)

]

In a so-called unweighted analysis, corresponding to equal
variance of τ and Si−Sj (Case V), least square estimates
of the S∗

i and τ∗ are provided. In a following weighted
analysis, estimates corresponding to Case III are retrieved
by iteration.

4.1.1. Unweighted analysis

The estimate τ∗ is given by

τ∗=
1

t(t−1)

∑

i<j

Gij

where Gij = arcsin(2bij−1)+arcsin(2bji−1). S∗
1 is set

to 0 whereas the other scale values are

S∗
i =

1
t

⎛

⎝
∑

j,j �=i

Hij +
∑

i�=j

Hij

⎞

⎠ i = 2, . . . , t

j = 1, . . . , t

where Hij = 1
2 [arcsin(2bij − 1)− arcsin(2bji − 1)].

4.1.2. Weighted analysis

The estimates given above are used in the proceeding anal-
ysis to get weights, vij and wij , to include the effect of
various variances of S∗

i and τ .

vij = 1/(1 + rij)
wij = 1/(1− rij)

rij = −
√

(1− b∗ij)(1− b∗ji)
b∗ijb

∗
ji

where

b∗ij = 1
2

[
1 + sin(τ∗ + S∗

i − S∗
j )
]

b∗ji = 1
2

[
1 + sin(τ∗ − S∗

i + S∗
j )
]

(12)

A new estimate of τ (k)∗, k = 1 is then

τ (k)∗=
∑

i<j

vijGij

/
∑

i<j

vij .

Estimates S
(k)∗
i are found by

S = W−1Hw

where

S =

⎡

⎢
⎢
⎢
⎣

S
(k)∗
2

S
(k)∗
3

. . .

S
(k)∗
t

⎤

⎥
⎥
⎥
⎦

,

W =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

∑

j,j �=2

w2j −w23 . . . −w2t

−w23

∑

j,j �=3

w3j . . . −w3t

. . . . . . . . . . . .
−w2t −w3t . . .

∑

j,j �=t

wtj

⎤

⎥
⎥
⎥
⎥
⎥
⎦

and

Hw =

⎡

⎢
⎢
⎢
⎢
⎢
⎣

∑

j,j �=2

w2jH2j

∑

j,j �=3

w3jH3j

. . .∑

j,j �=t

wtjHtj

⎤

⎥
⎥
⎥
⎥
⎥
⎦

With these estimates, new estimates S
(k)∗
i and τ (k)∗, k =

2, ..., ktol are calculated until the difference between each
iteration is less than the requested tolerance. If nij �= n,
that is if an unbalanced design is used, the weights are
changed to vij = nij/(1 + rij) and wij = nij/(1 − rij)
and the first estimates are given by setting vij = wij =
nij .

This model is described briefly in [34], where another
model for handling ties, denoted the uniform model, is
presented as well. However, it will not be treated here.

Goodness to fit
To check the validity of the model Glenn and David
present a χ2 test of goodness of fit.

χ2 =
∑

i<j

1
nij

[
(aij − nijp

∗
ij)

2

p∗ij
+

+
(aji − nijp

∗
ji)

2

p∗ji

+
(a0ij − nijp

∗
0ij)

2

p∗0ij

]

(13)

p∗ij , p∗ji and p∗0ij are estimates calculated as

p∗ij = (1− b
(k)∗
ji )

p∗ji = (1− b
(k)∗
ij )

p∗0ij = (b(k)∗
ij + b

(k)∗
ji − 1)

where b
(k)∗
ij and b

(k)∗
ji are calculated as in equation (12) but

with the new estimates. aij , aji and a0ij are the number of
times (Ti → Tj), (Tj → Ti) and (Ti = Tj) respectively.
For large samples χ2 has a chi-square distribution with
t(t − 2) degrees of freedom if the model is valid. (There
are t(t−1)/2 pairs yielding two independent observations
each and t estimates.) Pairs with nij = 0 must be omitted
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and the degrees of freedom reduced by two. Small num-
bers of nij ,p∗ij ,p∗ji or p∗0ij can distort the test statistic. As a
consequence, it is here suggested that terms where nijp

∗
ij ,

nijp
∗
ji or nijp

∗
0ij is less than 1 be omitted. If only one term

(out of three) for a pair is omitted, delete one degree of
freedom; otherwise all terms of the pair should be omitted
and the degrees of freedom be reduced by two.

4.2. Rao and Kupper’s extension of the Bradley-Terry
model

The idea to the model by Rao-Kupper [5] is similar to the
one by Glenn-David [11]; when the difference between
two treatments is smaller than a certain value, or threshold,
the assessors will declare a tie. Glenn and David apply this
idea to the model by Thurstone-Mosteller whereas Rao
and Kupper apply it to the model by Bradley-Terry. The
probability of choosing Ti when compared to Tj , πi,ij , is
then

P (Ti→Tj)=
1
4

∫ ∞

−(lnπi−ln πj)+η

sech2(y/2)dy=

=
πi

πi + θπj
(14)

where η=ln(θ) is the sensory threshold for the assessor, cf
eq. (1). The probability for a tie, π0,ij , is

P (Ti=Tj)=
1
4

∫ −(ln πi−ln πj)+η

−(ln πi−ln πj)−η

sech2(y/2)dy=

=
πiπj(θ2 − 1)

(πi + θπj)(θπi + πj)
.

When the sensory threshold is set to be constant it is as-
sumed to be the same for all participating assessors during
the entire test. Although not commented on further here,
groups with various sensory thresholds are treated in [5].

Estimates of the t treatment ratings and the sensory
threshold, are then found by the use of maximum likeli-
hood functions as in the Bradley-Terry model. The esti-
mates, π∗

i of πi and θ∗ of θ = eη , are given by an it-
erative process with the constraint

∑t
i πi = 1. Starting

values may be π
(0)∗

i = 1/t and θ∗ = 2N/a − 1 where
N =

∑
i<j nij , nij = aij + aji + a0ij , is the total num-

ber of comparisons made for the pair (i, j).4 aij , aji and
a0ij are the number of times (Ti → Tj), (Ti → Tj) and
(Ti = Tj) respectively. a =

∑
i<j(aij + aji).

π̂
(k+1)
i =

bi

∑

j,j �=i

(
bij

π
(k)∗
i

+θ(k)∗π
(k)∗
j

+ bjiθ(k)∗

θ(k)∗π
(k)∗
i

+π
(k)∗
j

)

4 An extended version of the model in [5] is here given to allow
unbalanced designs. In [5] nij is assumed to be constant for all pairs
and N = nt(t − 1).

π
(k+1)∗

i = π̂
(k+1)
i

/
∑

i

π̂
(k+1)
i

θ(k+1)∗=1+
θ(k)∗

θ(k)∗+1

⎡

⎢
⎢
⎣

2(N − n)
∑

i�=j

bijπ
(k+1)∗
j

(
π

(k+1)∗
i +θ(k)∗π

(k+1)∗
j

)−1

⎤

⎥
⎥
⎦

bi =
∑

j,j �=i bij , and bij is the number of times that either
treatment Ti is chosen over Tj or a tie is declared.

Goodness to fit
The appropriateness of the model is checked with
the same χ2 test as in the model by Glenn-David,
equation (13).

4.3. Davidson’s extension of the Bradley-Terry model

Davidson presented some years after Rao and Kupper an-
other extension to handle ties based on the Bradley-Terry
model. His approach is to ensure that Luce’s [35] ”axiom
of choice” is fulfilled. According to Luce there are alter-
natives that should be irrelevant to the choice, ensured to
be irrelevant when P (Ti → Tj)/P (Tj → Ti) = πi/πj ,
which the model by Rao-Kupper does not fulfil. Davidson
assumes that P (Ti = Tj) = ν

√
P (Ti→Tj)P (Tj→Ti)

where ν is seen as an index of discrimination. The assump-
tion of a geometric mean is based on the fact that the mer-
its, lnπ, can be represented on a linear scale. The proba-
bility to choose Ti when presented with Tj then becomes

P (Ti→Tj) =
πi

πi+πj+ν
√

πiπj

P (Ti =Tj) =
ν
√

πiπj

πi+πj+ν
√

πiπj
.

The estimates are obtained in similar ways as in the
Bradley-Terry model, using maximum likelihood func-
tions:

π̂
(k+1)
i = si

/
∑

j,j �=i

nij

(

2 + ν(k)∗
√

π
(k)∗
j /π

(k)∗
i

)

π
(k)∗
i +π

(k)∗
j +ν(k)∗

√
π

(k)∗
i π

(k)∗
j

π
(k+1)∗

i = π̂
(k+1)
i

/
∑

i

π̂
(k+1)
i

ν(k+1)∗=a0

/
∑

i<j

nijν
(k)∗

√
π

(k+1)∗
j π

(k+1)∗
i

π
(k+1)∗
i +π

(k+1)∗
j +ν(k)∗

√
π

(k+1)∗
i π

(k+1)∗
j

where si = 2ai + a0i, i = 1, ..., t, ai =
∑

j aij and
a0i =

∑
j a0ij where aij is the number of times Ti was

chosen over Tj and a0ij is the number of ties when the
pair (i,j) is compared. nij = aij + aji + a0ij , that is the
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Table VII. Scale values, true merits and goodness to fit P -value for
the drum sounds, DS, using the Glenn-David (GD), Rao-Kupper
(RK) and Davidson (D) models. The threshold values for the dif-
ferent models, τ∗, η∗=ln(θ∗), ν∗ are given in the row ’Th’.

DS GD RK D DS GD RK D

A 0 -0.51 -0.51 A3 0 -2.75 -3.75
B 0.00 -1.24 -1.06 B3 -0.11 -3.03 -4.16
C -0.81 -2.97 -3.62 C3 -0.62 -4.28 -6.19
D -1.06 -3.59 -4.50 D3 -1.18 -6.74 -9.97
E -0.91 -3.35 -4.12 E3 0.07 -2.32 -3.20

F3 -1.49 -8.40 -12.46
G3 0.64 -0.26 -0.09

Th 0.36 0.95 1.30 0.07 1.21 1.83

P 0 0 0 0 0.002 0.15

total number of comparisons of pair (i,j). a0 is the total
number of ties, a0 =

∑
i<j a0ij .

Davidson [12] and Bradley [9] notice that the models
by Davidson and Rao-Kupper are asymptotically equal
and choosing which method to use is a matter of which
of the ideas seems more appealing to the experimenter.
David [10] points out that the fulfilment of the Luce axiom
might not be required. Both models have the property
that the probability of a tie is highest when πi/πj = 1.
However, the model by Davidson has the properties to
give a ranking that is always consistent with a ranking
common in sports, where a win is awarded 2 points and
a tie 1 point; the Rao-Kupper model does not have these
properties.

Goodness to fit
The appropriateness of the model is checked with the
same χ2 test as in the model by Glenn-David, equation
(13).

4.4. Examples using tie models

The result using these three models on the data from exam-
ples 2 and 3 in tables II and III are shown in table VII. The
scale values, S∗

i , and true merits, ln(πi), are calculated
until the relative change from one iteration to the next is
less than 0.001. The goodness to fit data were calculated
omitting terms where nijp

∗
ij , nijp

∗
ji or nijp

∗
0ij is less than

1; otherwise all P -values would be less than 0.0001. The
omittance of these terms in the χ2 test can be justified by
looking at, as an example, the term (aij−nijp

∗
ij)

2/nijp
∗
ij

from the comparison D3–E3 using the model by Davidson.
As one assessor out of 31 in the test chose D3 over E3 and
the model predicts 0.0001, the term in the χ2 test becomes
equal to 7659 which is 97% of the total sum if all terms
are included.

The P -values for example 2 are all so low that the esti-
mates p∗ij are not equal to pij . The main reason for the low
values are the pair A−B. As discussed in the beginning of
section 4 the number of assessors that find A louder than B
is 14, 9 assessors find B louder than A, but only 1 declares

a tie. None of these models can predict this behaviour. In
cases like this the poor goodness to fit can help the inves-
tigator to find these deviations so that a deeper analysis
can be made; the poor fit might be due to a specific pair
whose differences then should be investigated; maybe a
multivariate analysis should be used where several char-
acteristics in the treatments are investigated. When no tie
was permitted the prediction was good and this behaviour
was hidden and therefore information was lost.

For example 3 the P -values for both the Glenn-David
and Rao-Kupper models indicate that the estimates are not
good enough. The model by Glenn-David fails to predict
the threshold correctly and the number of ties is too low.
As the idea of Rao-Kupper and Glenn-David is similar but
applied on different distributions and solution techniques
it is not surprising, considering what Stern found, that the
performance of the Rao-Kupper model is somewhere in
between the performance of the Glenn-David and David-
son models. The predictions of pij using the Rao-Kupper
and Davidson models are similar when looking at them
without performing the goodness to fit test, but the good-
ness to fit test indicates the Davidson model is the bet-
ter one. However, this is not the general result compar-
ing these models; in [4], the goodness to fit was better us-
ing the model by Rao-Kupper (P -value = 0.08 > 0.01);
however the model by Glenn-David gave the least fit (P -
value< 10−12) there as well.

In figure 6, the scale values and true merits are plotted
comparing two models at a time. Least-squares fit lines are
also added. The data fit well to the least-square fit although
the models have different P -values. If the objective of the
test is to rank or get scale values or true merits of the treat-
ments, the choice of model does not seem to be crucial.
If predictions of pij are to be used in a further analysis,
the models by Rao-Kupper and Davidson seem more ap-
propriate; preferably both models should be tested and the
model with the better goodness to fit used.

In figure 7 the scale values and true merits of the treat-
ment in examples 1 and 2 are plotted against each other.
Although they follow the least-squares fit nicely, a differ-
ence in ranking can be noticed; A and B switch ranking.
As pointed out above, the models that have been used here
cannot handle the situation when similar numbers of as-
sessors declare A to be louder than B, and B to be louder
than A, but still no assessors declare a tie. Another effect
that has to be considered when discussing the reasons for
the different ranking is the confidence interval of the es-
timates. Are there any significant differences between the
true merits? In the following section this question will be
addressed.

5. Estimation of differences between sounds

The most sensitive comparison to estimate if the stimuli or
treatments are different or similar is made using only two
stimuli. Procedures to perform such tests are presented
in an ISO-standard prepared for food products [36]. The
method used there can also be found in [10]. The method
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Figure 6. Comparison of scale values and true merits from examples
2 (top) and 3 (bottom). The result using the Rao-Kupper model on
the horizontal axis and the model by Glenn-David and Davidson
on the vertical axis are shown by the circles and stars respectively.
The crosses represent the result using the model by Davidson on
the horizontal axis and the model by Glenn-David on the vertical
axis. Least-squares fit lines are added to show the similarities of the
models.
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Figure 7. True merits when allowing ties (Davidson model, hor-
izontal axis) compared with true merits when ties are prohibited
(Bradley-Terry model, vertical axis). The line represents a least-
squares fit.

is useful in investigations of whether a product’s sound is
affected by a specific change such as a new distributor of
an engine part, etc. However, in many listening tests more
than two sound stimuli are involved, and for those cases,
methods to estimate differences between two stimuli are
presented in the following sections.

5.1. Confidence intervals

A simple way to check whether there are any significant
differences between the scale values of true merits is to
compare their confidence intervals. The null hypothesis
that a pair is equal can be rejected at the chosen signifi-
cance level if the confidence intervals do not overlap. If it
is decided prior to performing the listening tests to look at
the results in which only the pair A−B is to be compared,
then the chosen significance level, e.g. α=0.05, is used to
calculate the confidence intervals for the two treatments.
However, in many cases it is only after performing the test
that it fist becomes clear which treatments that seem equal,
and often several pairs are compared. When performing
several, k, significance tests each at the α level, the prob-
ability of making at least one rejection of the null hypoth-
esis inappropriately (Type I error [25]) is 1 − (1 − α)k.
As an example; if k=3 and α=0.05, the effective signifi-
cance level for Type I error is 0.14 instead of 0.05. A com-
mon way to deal with this problem is to use the Bonferroni
method where α is replaced with α/t, where t is the num-
ber of treatments in the whole listening test.

The limits of the confidence intervals for the scale val-
ues, Si, i = 1, ..., t of the Thurstone-Mosteller model are
retrieved for Case V as

(

S∗
i − zα/2

√
t− 1
t

, S∗
i + zα/2

√
t− 1
t

)

zα/2 is the normal deviate at the chosen significance level
α, S∗

i = 1/t
∑

j �=i zij . The confidence interval limits for
Case III are

⎛

⎝S∗
i ± t̂α/2,(t−1)

√
σ2

i (t−2)+
∑

σ2
j

t

⎞

⎠

where t̂α/2,(t−1) is the Student’s t-distribution at the cho-
sen significance level with (t − 1) degrees of freedom.

S∗
i = 1/t

∑
j �=i(zij

√
σ2

i + σ2
j ). A drawback of the Bon-

ferroni method is that even though the risk of incorrectly
producing a difference on an individual test is reduced, the
risk of making the Type II error is increased, i.e. no differ-
ence is declared even though there in fact is a difference.
When Case V applies (independent treatment and equal
variances), analysis of variance, ANOVA, can be used on
the matrix of normal deviates to test if any of the treat-
ments is divergent. Thereafter, a multiple comparison pro-
cedure such as the Tukey test can be used to assess which
scale values are different [25].

An overall hypothesis test πi = ... = πt for the
Bradley-Terry model is presented in [8, 9]. It is recom-
mended to perform this test especially when all treatments
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are similar to reduce the risk of making a Type II error
before continuing the work. To receive confidence inter-
vals for the Bradley-Terry model the dispersion matrix
Σ = [σij ], also called the covariance matrix, needs to be
calculated. An estimate Σ∗ of Σ is retrieved as

σ∗
ij = cofactor of λ∗

ij in

[
Λ∗ 1
1′ 0

]/∣
∣
∣
∣
Λ∗ 1
1′ 0

∣
∣
∣
∣

where Λ∗ = [λ∗
ij ], 1

′ is the t-dimensional unit row vector
and

λ∗
ii =

1
π∗

i

∑

j,j �=i

µijπ
∗
j /(π∗

i + π∗
j )2, i = 1, ..., t

λ∗
ij = −µij/(π∗

i + π∗
j )2, i �= j, i, j = 1, ..., t

where µ = nij/N . As Bradley shows π∗
i

√
N(ln(π∗

i ) −
ln(πi))/

√
σ∗

ij to be standard normal for large N [37] the
confidence interval for log(πi) is

(

lnπ∗
i − zα/2

√
σ∗

ii

(π∗
i )2N

, lnπ∗
i + zα/2

√
σ∗

ii

(π∗
i )2N

)

where zα/2 is the normal deviate at the chosen signifi-
cance level α. α is replaced with α/t when the Bonfer-
roni method is applied. The dispersion matrices for the
Rao-Kupper and Davidson models are retrieved in a simi-
lar way although they are not shown here [5, 12].

5.1.1. Examples

In figure 8 the 95% confidence intervals for the test data
in example 1 using the Bradley-Terry and Thurstone-
Mosteller Case V models are shown. The Bonferroni
method has been applied; α=0.01. The widths of the con-
fidence intervals of the three models should not be com-
pared directly with each other but in proportion with their
scale values/true merits. Still, it is seen that the confidence
intervals using the Thurstone-Mosteller model are larger
than those of the Bradley-Terry model; all intervals over-
lap using the former model, which is not the case for the
latter. The large difference in the confidence intervals can
be explained by how the variances are estimated. The so-
lution in [28] was developed when iterative solutions were
avoided. The estimates would probably be more efficient if
the solution of the Thurstone-Mosteller model is based on
the maximum likelihood method as in the Bradley-Terry
model.

In figure 9 the 95% confidence intervals for the test
data in example 2 using the Rao-Kupper and Davidson
models is shown. The Bonferroni method has been ap-
plied; α=0.01. A and B are not equal on the 0.05 level
to any other stimuli as their confidence intervals do not
overlap the others. C-D-E’s confidence intervals overlap
in the Rao-Kupper model and the hypothesis that they are
equal cannot be rejected on the chosen significance level.
A similar result is given by the Davidson model.

Comparing the result without ties using the Bradley-
Terry model and with ties using the Rao-Kupper or David-
son model, it can be seen that less overlap of the confi-
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Figure 8. Scores (scale values/true merits) and their 95% confidence
intervals for the test data in example 1 using the models of Bradley-
Terry (squares), Thurstone-Mosteller Case III (filled circles) and
Case V (open circles).
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Figure 9. Scores (true merits) and their 95% confidence intervals for
the test data in example 2 using the models of Rao-Kupper (open
squares) and Davidson (filled squares).

dence intervals is achieved when ties are allowed. Please
note that the widths of the models’ confidence intervals
should not be compared directly with each other in abso-
lute numbers but in proportion with their scale values/true
merits. The reversed ranking of A and B in the test with
and without ties could be explained by the overlapping
confidence intervals in the test without ties. However, as
discussed earlier, the paired comparison models presented
here might not be suitable since the expected (predicted)
number of ties for A and B does not fit the seemingly bi-
normal sampling distribution of the raw data.

5.2. Confidence regions

The method of using confidence intervals is, however,
rough as no consideration of any dependent behaviour of
the treatments has been made; if one of the treatments is
changed the treatment ratings for all the other treatments
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will change in the Bradley-Terry model. This is the major
reason why ANOVA-tests are not appropriate; the other
reason is that in an ANOVA-test it is also assumed that
the variances are equal, which they are not in many listen-
ing tests. By the use of the dispersion matrix, confidence
regions are created in which the dependent behaviour is
included, enabling tests of equality. The (1-α) confidence
region for t parameters is an ellipsoidal region for which

N(lnΠ− lnΠ∗)′DΣ∗−1D(lnΠ− lnΠ∗) ≤ χ2
α,t

where Π∗ = [π∗
1 , ..., π∗

t ], is the estimates of Π =
[π1, ..., πt], Σ∗ is the same dispersion matrix as above and
D is a diagonal matrix with elements 1/π∗

i [9]. The con-
fidence region when comparing the two treatments Ti and
Tj is then governed by

χ2
α,t≥

N

σiiσjj−σ2
ij

((lnπi−lnπ∗
i )2σjjπ

∗2
i −

−(lnπi−lnπ∗
i )(lnπj−lnπ∗

j )2σijπ
∗
i π∗

j +

+(lnπj−lnπ∗
j )2σiiπ

∗2
j ) (15)

The corresponding P -value, that is the lowest significance
level that would lead to a rejection of the hypothesis
lnπi = lnπj , is given by calculating the location where
the confidence region first cuts the plane of symmetry for
decreasing values of α. The location is given by

lnπi =lnπj =
ln

(π∗
i )

σ∗
jj

(π∗
i
)2

(π∗
j )

σ∗
ii

(π∗
j
)2

(π∗
i
π∗

j
)
σ∗

ij
π∗

i
π∗

j

σ∗
jj(π

∗
i )2−2σ∗

ijπ
∗
i π∗

j +σ∗
ii(π

∗
j )2

. (16)

The location lnπi = lnπj is thereafter used as input data
in equation (15) to retrieve the P -value.

In figure 10 the confidence region for two treatments
at two significance levels are shown; ellipsoidal regions
are received. The estimates of lnπi and lnπj should exist
somewhere in that region at the significance level chosen.
A hypothesis test of any point outside the region will be
rejected on the chosen significance level. If the region is
crossed by the plane of symmetry the hypothesis that they
are equal cannot be rejected. As the smaller region in fig-
ure 10 does not cross the plane of symmetry the treatments
are different at that level.

General conclusions regarding the estimates’ depen-
dency and their variance can be drawn based on the confi-
dence region if either the values on the vertical axis of fig-
ure 10 are multiplied with π∗

j /π∗
i as in figure 11 or if the

confidence region of the estimates π is drawn. By look-
ing at the region we can check whether our estimates are
independent and if the variances are homogeneous. If the
region forms a circle, the variance is the same for the es-
timates and the estimates are independent. If an ellipse is
given and if its axes are parallel to the axes of the treatment
ratings, the estimates are independent but their variances
are not homogeneous. If the ellipse is not parallel to any
of the axes, like the one in Figure 10, the estimates are not
independent. Furthermore, if it is making the angle (π/4)
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Figure 10. Confidence region for treatments C and D from example
2 using the Rao-Kupper model at two significance levels. The 95%
confidence intervals are shown with the dashed lines. The location
where the confidence region first cuts the plane of symmetry for
decreasing values of α given by equation (16) is shown with a dot.
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Figure 11. The four regions illustrate: a) independent estimates and
equal variance, b) independent estimates and unequal variances, c)
dependent estimates and equal variance, d) dependent estimates and
unequal variances.

with the horizontal axis, the estimates are not independent
but their variances are homogeneous.

A further refinement of the procedure can be made us-
ing contrasts [38, 9] but it will not be described in this
paper.

5.2.1. Example

In figure 10 the confidence region for treatments C and
D from example 2 using the Rao-Kupper model is plot-
ted at two significance levels. The P -value is 0.00001.
As a comparison, the 95% confidence intervals are plotted
with the dashed lines; since the area they create crosses the
symmetry line (dash-dotted), any hypothesis that they are
equal cannot be rejected using confidence intervals. How-
ever, in the figure the 95% confidence region is plotted
with the thinner solid line so they are in fact not equal on
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Figure 12. Comparison of test result using model by Ando and Singh
and Bradley-Terry model for data from one subject comparing every
pair only once.

the α = 0.05 level. (Both the interval and the region are
calculated using the Bonferroni method.)

6. Miscellaneous

For cases where only one subject has compared the stimuli
once, Thurstone’s model in its original form is unable to
produce scale values of the stimuli. Ando and Singh pre-
sented a model in [39] where the cumulative distribution
function of the normal distribution is expended in a Tay-
lor series where only first-order terms are considered. The
sum in equation 5 can then be made on the number of se-
lections before translating the value by the use of the Tay-
lor series to a scale value. This approximation will work
best when no extremes are considered. The same situation
can, however, be treated with the Bradley-Terry model.
The data presented in [39] were used to produce the plot
in figure 12. On the horizontal scale are the natural loga-
rithms of the πi and on the vertical scale are the scale val-
ues given in [39]. Even though the given data are limited,
the two models here produce the same ranking. The scale
values are not proportional as there is no straight line, but
this is not surprising as the measure in [39] is linearized
and the maximum likelihood estimation is based on data
that are either one or zero.

As mentioned in the introduction, a drawback of the
method of paired comparison is the rapid growth of com-
parisons required when the number of treatments in-
creases. An approach to reduce the number of com-
parisons is to make a balanced incomplete design, in
which some comparisons are completely omitted. Kendall
presents two minimum requirements for an incomplete de-
sign: the selected treatments should appear equally often
and it must not be possible to divide the treatments into
subsets where no comparisons are made between the sub-
sets [40]. The procedure is explained in [10] and tables
that enable balanced incomplete designs can be found in
[32, 41]. If, prior to the test, specific interest lies in any

specific pair, make sure the pair is included as the confi-
dence interval for those pairs excluded increases.

Several extensions and variations to the paired com-
parison model exist; for example in [42] a method to in-
clude effects of time-varying data is presented. In cases
where more than a three-point scale (Ti → Tj , Ti = Tj ,
Ti ← Tj) is requested the method by Scheffé [43] is rec-
ommended. It does not only provide a means of analysing
data based on a 7- or 9-point scale but within-pair order
effects can also be investigated. Many aspects that have
not been dealt with here, such as within-pair order effects,
circular triads, consistency tests, triple comparisons and
multivariate paired comparisons where several character-
istics in the treatments are investigated, are addressed in
[10]. A bibliography on the method of paired comparisons
can be found in [44].

When analysing the result it is recommended to check
the distribution of the answers to see if there is any reason
to doubt that the question has been clear to the subjects.
No comments regarding the choice of question have been
made; naturally it is of great importance to consider the
choice thoroughly.

7. Conclusion and recommendations

Mosteller points out in [7] that discrepancies from the
normality assumption are not important to the method of
paired comparisons. This statement is indirectly confirmed
by Stern [14], and it is seen in figures 5 and 6 as well, that
the paired comparison analysis is not very sensitive to the
choice of distribution within the class of linear models.

The recommendation from Gridgeman [33] still seems
to hold: When discrimination is the objective (one treat-
ment is different from all the others) it is better to prohibit
ties as the assessors’ efficiency of decision making might
be offset, but when preference is the objective, ties should
be allowed as they add information. In the test example
the confidence intervals of the treatment ratings are shorter
when ties are allowed. The use of ties enabled the discov-
ery that the sampling distribution of the normal for one
pair of the sounds is binormal; a test without ties would
conceal that information.

By performing goodness to fit tests an indication of the
appropriateness of the model can be given. If poor good-
ness to fit is achieved, the reason should be investigated
before conducting further tests.

The following recommendations are therefore given de-
pendent on the objective of the investigations and charac-
ter of the sound:

- If the objective is to determine whether or not there is
a perceptible difference between two (and only two)
sound stimuli, consider the ISO-standard [36].

- If the objective is to get a ranking of the treatments, and
a complete balanced design is used, base the ranking
on the number of wins for each treatment. If ties are al-
lowed a win is awarded 2 points and a tie 1 point. If the
design is incomplete, use the Bradley-Terry model as
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its maximum likelihood solution better uses all avail-
able data than the solution presented in section 3.1.1.
If ties are allowed use either the model by Rao-Kupper
or Davidson’s model.

- If the objective is to achieve scale values and no ties
are allowed, use the model by Thurstone-Mosteller. If
the sounds that are to be compared are homogeneous,
hence not varying in many different properties such
as loudness, sharpness, tonality etc., the variances are
more likely to be equal and Case V is more likely to be
applicable. If ties are allowed use either the model by
Rao-Kupper or Davidson’s model.

- If estimations of differences are to be made and no ties
are allowed, use the Bradley-Terry model and calcu-
late the confidence regions. If ties are allowed, base the
choice of either the Rao-Kupper or Davidson model on
which model gives the best goodness to fit before cal-
culating the confidence regions.
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Summary
This paper discusses prediction of the subjective response to walking sound – also called drum sound – based on
differences in objective measurements. ‘Walking sound’ refers to the sound heard when someone is walking in
the same room as the listener. Walking sound has attracted interest in recent years, particularly due to an increased
use of thin floating floor constructions, such as veneer or laminate flooring, which can produce loud and sharp
walking sound. A paired comparison test was performed in laboratory where listeners were asked which of the
walking sounds was most disturbing. The response was analysed using a modified Bradley and Terry model
allowing ties. Various measures, such as loudness according to ISO 532B, were tested against the subjective
response using linear regression. The difference in 10-percentile loudness, N"!, between two stimuli was shown
to predict the subjective response better than, for example, A-weighted sound pressure level. A difference of
about 8% in N"! resulted in 50% of the subjects noticing a difference. The methodology used is applicable in
situations when objective measures that have subjective counterparts are sought. Although the method is based
on relative observations, an absolute ranking can be obtained by using a reference or a well-defined recording
situation.
PACS no. 43.55.Hy, 43.66.Lj

1. Introduction
In this article subjective and objective measurements per-
taining to walking sound are correlated to enable pre-
dictions of subjective opinions based on objective data.
‘Walking sound’ – sometimes also called drum sound –
refers to the sound heard when someone is walking in
the same room as the listener; hence not impact sound,
although the correlation method might be applied to that
type of sound as well. The objective is to find objective
(measurable) parameters of the sound, such as loudness
according to ISO 532B, that correlate well to the subjec-
tive impression of the disturbance caused by the walking
sound. The goal is also to gain knowledge of the influence
that differences in these objective measures has; that is,
what quantity in the objective measure is needed to achieve
a difference in the quality judgement.

Improving a product’s sound at one time meant low-
ering the sound pressure of the radiated sound. The fo-
cus is finally changing, and now the emphasis is on im-
proving the product’s sound quality, which involves much
more than simply lowering the sound pressure level. Prod-
uct sound quality was defined by Jekosch and Blauert [1]
as: ‘Product sound quality is a descriptor of the adequacy

Received 10 April 2003,
accepted 11 September 2003.

of the sound attached to a product.’ A motorbike should
not sound like a vacuum cleaner; hence, it is not only by
changing the perceived loudness that the product sound is
improved. Other descriptors of the sound are needed. The
field of psychoacoustics investigates the physical stimuli’s
effects on our hearing system. Parameters such as loud-
ness, sharpness, fluctuation strength and roughness [2] are
used to predict the subjective response.

In 1933, Fletcher and Munson presented a method
of determining the loudness of complex tones [3]. By
connecting points of perceived equal loudness level on
a frequency-versus-sound-pressure-level diagram, equal-
loudness or phon contours were introduced. In these con-
tours, the frequency dependence of the ear’s perception
of a sound’s strength is shown. One of several methods
that appeared to include this effect in a measure of the
perceived loudness, was the A-weighted sound-pressure
level [dB(A)] which was derived from the 40-phon con-
tour. In the same manner, dB(B) and dB(C) were intro-
duced and derived from the 60- and 80-phon contours. As
a result, these measures are applicable to certain levels of
the sound. Predictions of the perceived loudness of sounds
with various frequency and level contents based on, for
example, the dB(A) measure are likely to fail.

The great diversity of procedures used to express the
strength of sound forced ISO to harmonise the meth-
ods. As a first step, the dB(A) measure was standard-

c! S. Hirzel Verlag " EAA 161



ACTA ACUSTICA UNITED WITH ACUSTICA Johansson et al.: Prediction of subjective response to walking sound
Vol. 90 (2004)

Walking sound

Floor covering
properties

Room acoustics

Background noise

Walking speed

Walker
characteristics

Type of shoe

Figure 1. A complete model of how drum sound is perceived
requires knowledge of several parameters. The italic parameters
are investigated in the article.

ised, even though its limited applicability was well known.
The loudness sensation, however, depends not only on
the frequency content, other effects, such as masking and
sound duration, have to be considered as well. More ac-
curate, although more complex, predictions of the per-
ceived strength of a sound were introduced a couple of
years later in ISO 532 [4], where the measure of the per-
ceived strength of sound is called loudness, and its unit is
the sone. For the loudness measure, 1 sone is defined as
the level of 40 dB of a 1-kHz tone. Two methods of calcu-
lating the measure loudness are described in ISO 532. In
part A, loudness is calculated from octave-band analysis,
while method B is calculated from one-third-octave band
analysis. Part A, proposed by Stevens [5, 6, 7], and part B,
proposed by Zwicker [8, 9], do not always agree. Part B
generates generally higher results, but as it is said in the
standard, method B seems to take better account of varia-
tions in narrow ranges of frequency of the sound spectra.
The German standard, DIN 45 631 [10], corresponds to
method B. Loudness in this case not only takes account of
the level and frequency-dependency of the ear, but of the
effects of masking and spectral distribution as well. The
methods described in ISO 532 are meant for steady sounds
and do not produce a time-variable measure, although tem-
poral effects on loudness have been investigated and in-
cluded in the loudness level meter by Zwicker [11]. Loud-
ness is, unlike in the case of dB(A), a linear measure, i.e.,
a doubling of the loudness value produces a doubling of
the sensation of loudness. This linearity is advantageous
specifically in communicating differences and improve-
ments to non-acousticians, and some examples are given
in [12, 13]. Although the loudness measure in many cases
has shown better correlation to subjective sensations of the
sound strength than has dB(A), it is not as well known or
used. This might be because dB(A)-weighting was intro-
duced in a sound-level meter in 1936 [14], while the loud-
ness measure was first introduced in a portable level meter
in 1981 [15], although it was proposed in 1951 [16]. The
time-consuming calculations were a problem in the past,

but modern computers have reduced the effort needed.
Increased awareness of the measure among acousticians
seems to be needed in order to expand its use further.

In building acoustics, when evaluating the insulation of
wall and floor structures it is mainly reference curves that
are used to adjust physical measurements to performance
in subjective listening tests [17, 18]. However, already in
1965 Fasold used loudness level when deriving an opti-
mum theoretical curve for the normal impact sound level
[19]. Psychoacoustic measures were also used in [20] to
obtain quantitative figures on transmission loss for a fa-
cade. Good correlation to subjective preferences with re-
gard to impact sound insulation was found in [21], by us-
ing a tapping machine and the ISO 532B loudness mea-
sure. In [22] the model of the human auditory-brain sys-
tem proposed by Ando [23] was used to determine the
correlation to the subjective evaluation, and in [24] vari-
ous Zwicker parameters were included. It was found that a
combination of loudness, sharpness, fluctuation strength,
tonality and unbiased annoyance [25] correlated well to
the subjective response to impact noise using the tapping
machine.

In office environments several investigations have tested
various measures pertaining to human perception of the
sound from air-conditioning, office machines and human
activities. In [26, 27] various measures, including the
Zwicker and Stevens loudness level, were tested in an of-
fice environment; it was found that LA$eq$T , where T / *
min, was the best descriptor. Most investigations in office
landscapes, however, have concerned speech.

Walking sound is not a new topic, it is mentioned in
1958 in [28], but it is only in the last 10 years that much in-
terest in the topic has arisen. Thin floating floor coverings
of, for example, laminate or veneer, have become com-
mon and can produce loud and sharp walking sound. The
development of new floor coverings that successfully im-
proves walking sound requires a thorough knowledge of
how walking sound is perceived and how several param-
eters affect walking sound. The most important parame-
ters appear in Figure 1. The floor coverings were assessed
in the context of an office environment, where correlation
between the surface and the sound is assumed to be less
important than for domestic floors. It has been noticed by
the author, that subjects, when knowing the design of the
surface and when asked to choose a solution to their home,
prefer different sound depending on the design of the sur-
face. In an office environment the focus is however set
to decrease the disturbance produced by walking sound.
Thus, subjects were requested to imagine themselves in an
office space and, in a paired comparison listening test, to
say which of the sounds was the most disturbing.

In the initial tests of walking sound, semantic scales and
paired comparison tests were used to find descriptors of
the sound and to investigate the correlation of various ob-
jective measures to subjective preferences. The descriptor
loudness correlated well to the perceived level of distur-
bance; the objective measures loudness (according to ISO
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532B) and sharpness were seen valuable for predicting the
level of disturbance [29].

For the subsequent tests (presented below), sounds were
selected taking the results of the initial tests into account.
Sound stimuli were chosen so that stimuli with a wide
range of the psychoacoustic measures, loudness and sharp-
ness, were represented. In a paired comparison test, 25
listeners indicated which of the sounds they perceived to
be most disturbing. Ties – that is rating two sounds as
equally disturbing – are permitted. Using a linear regres-
sion model, objective measurable data correlating to the
results of the listening test were sought. Percentile values
of loudness were calculated where the 10-percentile loud-
ness showed very good correlation to the perceived distur-
bance, R'

N"!
/ ..%,". Other objective measures such as

sharpness did not in general improve the result.

2. Theory

2.1. Paired comparison test allowing ties

It is sometimes difficult for a subject to select an appro-
priate value from a descriptive scale, and for an experi-
menter to analyse the results obtained. There are uncer-
tainties as to whether all subjects have equally understood
and applied the scale. The problem is avoided using paired
comparison tests where subjects are asked to judge which
of two treatments has a certain attribute (e.g., a pleasant
sound). There are several methods for analysing the results
obtained from paired comparison tests, some of which are
reviewed in [30]. Gridgeman recommends the following
concerning whether or not to allow subjects to declare a
tie [31]: When discrimination is the objective it is better to
prohibit ties as the subjects’ efficiency of decision might
be offset, but when preference is the objective, ties should
be allowed as they add information. Rao and Kupper [32]
made modifications so as to allow ties to a paired compar-
ison method formulated by Bradley and Terry [33, 34].

The Rao and Kupper model is based on the premise
that when the difference between two treatments is smaller
than a certain value, or threshold, the subjects will declare
a tie. The probability of choosing Ti when compared to Tj
is set to

P #Ti # Tj$ / $ij /

#Z
!"ln"i!ln"j#$!

sech'#y'($dy /
$i

$i%#$j
% (1)

$i, i / '%%%t, represent probability values for the t treat-
ments, and "=ln(#) is the sensory threshold for the subject.
The probabilities for selection of j or for a tie when i and
j are compared are calculated using the integral and are
given in [32]. Figure 2 presents the expected outcome of
the listening test. The influence of the sensory threshold
value is shown in the figure as well.

These probabilities are here used in a linear regression
to find psychoacoustic measures that correlate to the sub-
jective judgements. It is assumed that the lower limit in the
integral can be written as a linear measure based on differ-
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Figure 2. The expected outcome of the listening test when object
i is compared with object j. #ij , #ji and #!ij (equal disturbance)
are plotted against the difference between the objects in a ‘true’
objective measure, !X"!ij . The dotted lines shows the influence
of increasing the threshold value, ".

ences in n objective measures, !Xn$ij / Xn$i ! Xn$j ,
between treatment i and j. That is
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where
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!% % !&!X&$ij % !'!X'$ij % % % %% !n!Xn$ij

and !%, !& and !' are the linear regression coefficients.
The equation can be rewritten as

$ij /
'

' % e!f"!X"!ij $!X#!ij $###$!Xn!ij#
(2)

or
! ln

!
'

$ij
! '

"
/

!% % !&!X&$ij % !'!X'$ij % % % %% !n!Xn$ij %

A disadvantage of the method is the rapidly increasing
number of comparisons needed as the number of sam-
ples increases. The number of comparisons can be reduced
using nearly balanced incomplete design techniques (bal-
anced if the number of comparisons in which each sound is
included is equal for all sounds, incomplete if all possible
combinations are not represented).

3. Method

3.1. Sound stimuli

The choice of sound samples to be included in the test is
critical for the results. If the test concerns sounds that have
not been analysed before, it is particularly important that
as many variations of the sound are represented as possi-
ble if general conclusions are to be drawn. The number of
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Table I. Included samples and corresponding walker and shoes.

Drum Floor Walker
sound shoe

1 14 mm parquet + PE foam b
2 7 mm laminate + PE foam b
3 7 mm laminate + fibreboard b
4 10 mm laminate + fibreboard b
5 10 mm laminate + glued PU underlay a
6 7 mm laminate + underlay a
7 10 mm laminate + glued PU underlay d
8 22 mm pine wood + PE foam c
9 Concrete a

10 14 mm parquet + PU foam c

a = female, hard high-heeled shoes, b = female, hard-heeled shoes,
c = male, hard-heeled boots, d = male, hard-heeled shoes

samples is, however, often limited by practical considera-
tions; the number of tests may become too large, and the
desired sounds may not always be available.

In the initial test the floors tested represented common
floor coverings in Sweden, such as linoleum, clinkers, par-
quet and laminate. The results of this test [29, 35] indicated
that loudness according to ISO532B [4] and sharpness [36]
were important tools in predicting the subjective opinion
of the sound made by actual walkers. To make more accu-
rate predictions, this investigation then focussed on using
a wider set of drum sounds regarding loudness and sharp-
ness. It is, however, impossible to keep all parameters but
the floor coverings constant and still produce a wide range
of drum sounds. Therefore, two different walkers were
used, a female and a male, each wearing two different pairs
of shoes. Recordings and measurements were made of sev-
eral floor coverings, and combinations were selected that
produced varying loudness, sharpness and frequency con-
tent. These are listed in Table I.

The influence of using various shoes and walkers was
also investigated. In the case of varying the shoes, a female
walker weighing 72 kg wore five different pairs of shoes
each having different heel characteristics. In the case of
varying the walkers, two female walkers weighing 64 and
70 kg and three male walkers weighing 80 to 95 kg were
used. The female walkers wore the same women’s shoes
while the male walkers wore the same men’s shoes, thus it
was not only the walker that was changed. For each com-
bination of shoes and walker, the walking sound on three
of the floors were recorded. The floors used were no. 1,
3 and 5 in Table I. In the paired comparison test, subjects
compared the three sounds made by each person or shoe;
hence 30 comparisons were made (3 comparisons" 5 dif-
ferent shoes or walkers " 2).

3.2. Recordings

The sounds were recorded in a room of 162 m( having a
reverberation time of 0.3 s at 200-315 Hz and 0.2 s at 400-
5000 Hz. Background noise consisted of slight fan noise,
less than 35 dB (one-third-octave band level) up to 500

3.2 m

1.0 m

1.2 m

felt feltsample

dummy
head

Figure 3. Measurement set-up.

p(t)

[Pa]

t [s]

Figure 4. From the 30 s recordings four samples of 2.8 s duration
were selected for inclusion in the test.

Hz, thereafter less than 25 dB. The samples listed in Ta-
ble I were laid on the bare concrete floor in the middle
of the room, see Figure 3. The walker walked back and
forth over the sample at a speed of 2 steps/s for 30 s. Two-
channel recordings of the walking sounds were made us-
ing a dummy head and B&K 4181 microphones, G.R.A.S.
26AK preamplifiers and the digital real-time analyser 01-
dB Stell Symphonie (sampling frequency 51.2 kHz). The
ears’ height above the floor surface was 1.15 m – as for a
sitting person.

3.3. Treatment of recordings

From the 30 s recordings four samples were selected for
inclusion in the test, as in Figure 4. The duration of each
selection was 2.8 s. The four first ‘five step sections’ avail-
able were selected unless irregularities in the walking,
such as a clear stumble, were perceived in any of them.

3.4. Playback

During the listening tests the subjects listened to the
recordings using headphones. It was found in earlier tests
[29], by direct comparison of live and recorded drum
sound, that supra-aural headphones gave the most natu-
ral reproduction. The STAX SR-80 Pro headphones, the
NAD 312 amplifier and MATLAB were used. The play-
back level using headphones was checked by direct com-
parison of live and recorded drum sound. The calibration
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was performed by seven subjects: the agreement of the
seven was good, and the average value of the chosen play-
back level was used.

3.5. Paired comparison test

The listening test was performed in a conference room
of 5.8 " 6.0 " 2.8 m(. The background noise from the
computer was minimised. The subjects were introduced to
the test and familiarised with the sounds before the test
started. A mock-up example without any collection of re-
sults was conducted as well. Subjects were thereafter re-
quested to imagine themselves in an office space, and in a
paired comparison test, tell which of the sounds was most
disturbing (in Swedish ‘st6orande’), see Figure 5. It was
possible to declare a tie. The subjects could switch be-
tween the sounds as many times as they wanted to, with
no time limit. As a button was pushed, a sound sample
of five steps sounded. The sound sample was chosen ran-
domly from among the available five-steps intervals from
the original 30 s recordings, see Figure 4.

The test followed a balanced incomplete design with
seven replicates of the 10 original sound samples, resulting
in 35 comparisons. The 30 comparisons of varying shoes
and walkers were tested at the same time, so 65 compar-
isons were made.

The order of the sound samples was randomised for
each subject. Each subject compared each pair of sound
samples once, divided between two sessions of approxi-
mately 20 min each. During the test, the test subjects were
left alone, although they could get the attention of the test
leader if necessary. The test results were saved automati-
cally in data files for further analysis.

Thirteen female and 12 male subjects were used: 16
were members of a choir at Lund University and the re-
mainder worked in the department. Their ages ranged from
21 to 60, although over 80% were between 21 and 35 years
old. None of the subjects reported any hearing disabilities.

3.6. Objective psychoacoustic measures

The 01-dB Stell Symphonie was used to calculate loud-
ness, N , according to ISO 532B based on equivalent one-
third-octave band levels, Leq , for the entire signal (T=30
s) as it was done in earlier investigations [29]. Every calcu-
lation was made on the each channel recording separately.
The mean of the two channels’ result was taken to be rep-
resentative.

Leq$T / '& log

#
% '

T

TZ
%

'&Lp"t#%&%dt

$
A %

As only some parts of the whole signal was used, the same
calculations for the four selected portions of each signal
(each of 2.8 s duration) were made where the median value
was taken to be representative. The equivalent A-weighted
and C-weighted sound pressure levels, LA [dB(A)] and
LC [dB(C)], were also calculated for the selected parts

Figure 5. The paired comparison test was performed using MAT-
LAB. As a button was pushed, a sound example of five steps was
played. The test results were saved automatically. The figure is a
translation of the Swedish version.
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Figure 6. Loudness as a function of time calculated with an in-
tegration time of 1 ms. The figure also shows the 10 percentile,
that is the value that is exceeded 10% of the time.

with T=2.8 s. No corrections of the measured loudness due
to binaural hearing as in [37] were made.

Loudness percentiles (1 to 99 percentile), sharpness and
sharpness percentiles were calculated using 01-dB Stell
Symphonie and MATLAB, Figure 6. Sharpness, S, was
calculated according to von Bismarck [38] and Zwicker
[36] based on the received loudness pattern using the en-
tire signal (T=30 s). The percentiles were calculated for
the four selected portions of each signal according to sec-
tion 3.3 and the median value was taken to be represen-
tative. Loudness as a function of time was calculated for
using an integration time step of 1 ms, where loudness was
given from the specific loudness pattern of each step. The
1 ms time step was the smallest possible integration time
supported by the software, and it was chosen so as to re-
duce the smoothing effect of the integration. No effects of
pre- and post-masking are included and the temporal en-
velope of the basilar membrane is not represented here.
Sharpness as a function of time was calculated using the
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Figure 7. Loudness patterns for some drum sounds. Loudness
calculations were made using one-third-octave band levels, Leq ,
for the entire signal (30 s).

loudness patterns that were calculated to receive loudness
as a function of time.

Every calculation was made on each of the two channel
recordings.

4. Results

4.1. Subjective listening test and objective measure-
ments

Loudness using the entire signal, N , 10-percentile loud-
ness, N&%, sharpness, S, 90-percentile sharpness, S+%, LA,
LC and probability values, $i, from the initial test are
listed in Table II. Loudness calculations on the selected
signals of duration 2.8 s produced similar results as when
using the entire signal, N , and are therefore excluded.
Loudness patterns for four of the drum sounds are shown
in Figure 7 to show some examples of the sounds’ charac-
ter.

The standard deviation for the four selected portions of
each signal regarding the 10-percentile loudness was be-
tween 0.4 and 1.7 sone, in average 4% of the sone value.

The results are shown in Figure 8-11 where the proba-
bility that object i is perceived to be more disturbing than
object j, $ij , is plotted against the difference in objective
measures N , N&%, LA and LC .

The statistic R' [39] is a measure of the reduction in
variability of the outcome when using the regression vari-
ables. When several variables are included, the adjusted
R' is helpful in ensuring that an increase of R' is not due
to the inclusion of extra factors in the regression model.
The percentile of loudness that correlated the best to the
subjective opinion regarding R' was shown to be the 9
percentile. R' for various combinations of objective mea-
sures are listed in Table III, as are the regression coeffi-
cients. The adjusted R' in the case of including !N&%$ij

and !Sij equals 99.7 %.
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Figure 8. The probability that object i is perceived to be more
disturbing than object j, #ij , is plotted against the difference in
loudness, !Nij .
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Figure 9. The probability that object i is perceived to be more
disturbing than object j, #ij , is plotted against the difference in
10 percentile loudness, !N"!!ij . The solid line was calculated
according to equation 3.

The regression line of including only !N&%$ij in equa-
tion (2) is included in Figure 9 and can be written

$ij /
'

' % e!"!%#*+$%#)%!N"!!ij#
% (3)

Corresponding lines for $ji and $%ij (equal disturbance)
are shown by the solid lines in Figure 2.

The results of the test varying the walker and the shoes
are listed in Table IV. The shoes are listed from the low-
est heel to the highest heel (Sh1-Sh5), while the walk-
ers are listed from the lightest to the heaviest (W1-W5).
Comparisons between the probability values, and loudness
and sharpness values in the table should be made within a
row. Thus for Sh1, floor covering 3 was perceived as pro-
ducing the most disturbing sound and it had the highest
N&%-value. Probability values were calculated according
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Table II. Probability values, loudness N , 9-percentile loudness N"! , sharpness S, 90-percentile sharpness S$! and the A-weighted
sound pressure level LA. " from the Rao-Kupper model was found to be 2.0.

Drum Floor Walker Probability N N"! S S$! LA LC

sound shoe values [sone] [sone] [acum] [acum] [dB(A)] [dB(C)]

1 14 mm parquet + PE foam b 0.51 24.8 23.9 1.35 1.15 71.4 72.0
2 7 mm laminate + PE foam b 0.25 23.2 22.8 1.48 1.29 70.7 70.9
3 7 mm laminate + fibreboard b 0.12 19.8 21.1 1.29 1.11 67.0 69.8
4 10 mm laminate + fibreboard b 0.08 19.5 20.5 1.23 1.00 65.8 69.8
5 10 mm laminate + glued PU underlay a 0.02 16.8 17.8 1.28 1.15 65.6 67.3
6 7 mm laminate + underlay a 0.01 15.8 16.3 1.48 1.33 65.2 65.0
7 10 mm laminate + glued PU underlay d 0.002 12.7 12.5 1.42 1.32 61.3 62.2
8 22 mm pine wood + PE foam c 0.001 11.3 12.0 1.02 0.91 60.2 65.4
9 Concrete a 0.001 11.1 11.7 1.36 1.08 57.3 59.5

10 14 mm parquet + PU foam c 0.001 10.2 10.7 1.15 1.02 57.8 61.3

a = female, hard high-heeled shoes, b = female, hard-heeled shoes, c = male, hard-heeled boots, d = male, hard-heeled shoes
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Figure 10. The probability that object i is perceived to be more
disturbing than object j, #ij , is plotted against the difference in
A-weighted sound pressure level, !LA!ij .

Table III.R# and regression coefficients for various linear combi-
nations of objective measures; adjusted R# when including both
the differences in N"! and S equals 99.7 %.

f"!X"!ij $!X#!ij# R# [%] !! !" !#

!! $ !"!N"!!ij $ !#!Sij 99.7 -0.69 0.50 0.27
!! $ !"!N"!!ij 99.7 -0.69 0.50
!! $ !"!Nij 98.1 -0.69 0.47
!! $ !"!LA!ij 93.4 -0.69 0.49
!! $ !"!LC!ij 91.2 -0.69 0.55

to Rao and Kupper, but with a suppression of # equal to the
threshold value from the original test. Since # can be seen
as the sensory threshold for the subjects and as the tests
were performed at the same time, # should stay equal, see
section 5. Figure 12 shows the positions of the different
variations using the difference in N&%.
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Figure 11. The probability that object i is perceived to be more
disturbing than object j, #ij , is plotted against the difference in
C-weighted sound pressure level, !LC!ij .

5. Discussion

LA and LC did not correlate as well to the results of
the listening test as did N and N&%. Even though much
of the variability of the results can be explained by LA,
the variability is better explained by N and N&%. In other
words, even though loudness according to ISO 532B,
herein called N , is meant to be used for stationary sounds,
it is still better than LA when applied to drum sound.

The 10-percentile loudness, N&%, was shown to corre-
late the best of all presented measures to the subjective
opinion, and it can apparently predict the subjective re-
sponse well. The inclusion of sharpness in the regression
model did improve the statistic R', but by less than 0.1
percentage point. Furthermore, the contribution of S was
small, as N&% and S differ in most comparisons by more
than a factor of 10 in the objective measurements; its con-
tribution is also small in light of the measurement uncer-
tainties. When the difference in N&% is small, S might have
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Table IV. Probability values and 10-percentile loudness for the
test varying shoes (Sh1-Sh5) and walkers (W1-W5). Compar-
isons between probability values and 10-percentile loudness
should be made within a row. Floor 1 = 14 mm parquet + PE
foam, 3 = 7 mm laminate + fibreboard, 5 = 10 mm laminate +
glued PU underlay.

Probability values, #i N"! [sone]
Floor 1 3 5 1 3 5

Sh1 0.17 0.73 0.09 13.4 16.1 13.0
Sh2 0.39 0.31 0.30 20.1 20.0 18.6
Sh3 0.43 0.51 0.06 17.7 18.3 13.3
Sh4 0.33 0.60 0.07 22.7 24.4 18.7
Sh5 0.26 0.59 0.15 21.5 24.9 19.0

W1 0.46 0.33 0.21 21.5 21.2 18.9
W2 0.73 0.19 0.08 26.6 25.7 22.5
W3 0.50 0.33 0.17 10.6 9.9 8.4
W4 0.53 0.31 0.16 15.7 15.5 12.8
W5 0.27 0.60 0.14 10.2 11.9 8.9
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Figure 12. The probability that object i is perceived to be more
disturbing than object j, #ij , is plotted against the difference in
10 percentile loudness, N"!!ij . The circles and triangles are, re-
spectively, the results obtained by varying shoes and walkers.

a larger influence but the sound samples are here too few
to draw any conclusions.
S, i.e. the sharpness calculated from the loudness pat-

tern of the entire signal using Leq with T=30 s, was cho-
sen as the second variable. There was no difference in R'

when using sharpness percentiles (1 to 99 percentiles) in-
stead of S. (The profile of sharpness versus time is re-
versed compared with that of loudness in Figure 6; i.e.,
during the ‘silent’ periods, sharpness is higher than during
the impacts. Therefore the 90 percentile, i.e., during 10%
of the time the sharpness was lower than S+%, was chosen
to be presented in Table II.)

Of all percentile values, the 9-percentile loudness re-
sulted in the highest R'-value (R'

N&
/ ..%,)" compared

with R'
N"!

/ ..%+-"). N&% was nevertheless chosen as it
is used in the annoyance measure of Zwicker [25]. Other

loudness percentiles have, however, been introduced as
well. In the measure of psychoacoustic annoyance pro-
posed by Widmann, the 5-percentile is included [40]. Fastl
found that the 4-percentile loudness corresponded to the
perceived average loudness of road traffic noise [41]. Both
R'
N%

and R'
N$

were found to equal .-%&", hence N&% and
N+ are better descriptors in this case. (Note that R'

N$
in

[41] was calculated differently than it was in this paper.)
In the loudness meter proposed by Zwicker [11], the ef-
fects of pre- and post-masking are included and the tem-
poral envelope of the basilar membrane is represented by
using a RC network with a time constant of 2 ms. A sim-
pler treatment which excludes these effects was used here,
but the results nonetheless correlate well to the subjective
response. A better model of the ear would be unlikely to
yield better predictions due to the uncertainties in the mea-
surement set-up.

The correlation between objective measures and sub-
jective response was lower when using various shoes and
walkers. It might indicate that other unknown measures
not tested here are needed. Figure 12 shows the result
obtained by suppressing # so as to equal the threshold
value from the original test; without suppression, the re-
sult would appear as it does in Figure 13. Suppression is
justified as follows. The threshold value is associated with
the sensory threshold that needs to be exceeded in order
for the subject to notice a difference. This threshold should
remain constant during the test. In this test various differ-
ences were used and they were randomly presented. (Us-
ing only small differences throughout a test could result
in subjects sharpening their hearing acuity.) The different
sounds obtained by varying the shoes and walker were,
however, sometimes very similar. It is possible that the
subjects hesitated about their choice and sometimes made
the ‘wrong’ decision, which resulted in a higher threshold
value in the Rao-Kupper model. If more subjects are used,
the variability decreases and the threshold value decreases.
It was judged likely that the threshold value should de-
crease to equal that of the original test if more subjects
were used and therefore # was suppressed.

For a comparison with earlier results found in [29], $ij
was calculated as well as the difference in N . The spread
of the results proved to be much wider when applying the
coefficients !% and !& found in here. In [29] a different
question was posed: ‘Which sound is most pleasant?’ The
recording situation was less controlled and there were pos-
sibly too few listeners (subjects). It can, however, indicate
that more measures are needed, especially when the dif-
ference in N is small, even though they seem unnecessary
in the latest findings. N&% would probably improve the re-
sults, but unfortunately no calculations on the difference
N&% could be made due to the different measurement tech-
nique used.

When planning listening tests, a question that often
arises is how many listeners are needed? Figure 14 shows
the probability values $i for the 10 drum sounds in percent
of the final value as a function of the number of listeners.
The variation has decreased, but some variation is still ev-
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Figure 13. No suppression of ". The probability that object i
is perceived to be more disturbing than object j, #ij , is plotted
against the difference in 10 percentile loudness N"!!ij . The cir-
cles and triangles are, respectively, the results obtained by vary-
ing shoes and walkers.
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Figure 14. The probability values #i for the 10 drum sounds in
percent of the final value as a function of the number of listeners.

ident even when the number exceeds 22 listeners. It would
have been safer to use 30 listeners to see how the variation
stabilises, especially for the cases of varying the shoes and
walker. The results shown in Figure 9 and 13 would then
perhaps be better.

The result can be used to estimate how large difference
in N&% is needed to produce a 50% probability that one of
the paired walking sounds is perceived to be more disturb-
ing than the other. Note that ties are permitted, hence the
50% probability is not at a difference of 0, see Figure 2.
Using equation (3) or Figure 9 indicates that, in this case,
a difference in N&% of 1.4 sones results in the probabil-
ity $ij equalling 50%. The 10-percentile loudness values
were between 10.7 and 23.9 sone with a median value of
17.1 sone, 1.4 sone corresponds therefore in average to a
difference of 8%. Terhardt found in [42] when investigat-
ing the just noticeable difference value using pulses of a

1-kHz tone with levels of 40, 60 and 80 dB, that a loud-
ness difference of 9% is required. Even though the meth-
ods and sounds that are used in these investigations differ,
the results are surprisingly similar. It would be interesting
to know if the result is the same for other types of sound,
and thus can be seen as a general rule.

The prediction presented here is based on relative ob-
servations in a controlled environment. A control of the
result’s applicability in field is desirable but has not been
performed. In a field study it might be necessary to in-
clude the effects of different room acoustics and back-
ground noise in the model. The field study could contain
semantic scales so that the degree of disturbance could be
investigated, from a paired comparison test the ranking of
the sounds is known but not the degree of the disturbance.

Based on objective measurements prediction of the sub-
jective response when compared to another sound can be
made using equation (3). An absolute measure can be ob-
tained by using a well-defined reference or recording situ-
ation. Though this is not the goal of this study, it might be
of interest in other applications. In cases where a clear ref-
erence is sought and available, a range of classes of walk-
ing sounds can be created by means of defining various
probability percentages, such as 50, 70 and 90%, so that
each class represent a certain amount of people evaluating
a difference to the reference. The extent of a class can also
be based on a specific probability percentage. As an exam-
ple, if the percentage of 80 is chosen for walking sound, it
would mean that each class would comprise 4 sone accord-
ing to equation (3). Hence, in both cases different classes
would then not only correspond to different numeric val-
ues but also have a subjective counterpart.

6. Concluding remarks

It was shown that a difference in 10-percentile loudness
N&% can predict the subjective disturbance when two walk-
ing sounds are compared in a laboratory environment.
Sharpness does not improve the prediction to any signif-
icant extent. N&% is a much better objective measure than
LA and LC in particular, and better than loudness calcu-
lated at one-third-octave band levels, Leq, for the entire
signal (30 s). The result, that percentile values are better
than representing the sound based on the arithmetic mean
value of the signal’s sound energy, agrees with earlier find-
ings regarding impulse sounds [41].

A difference of about 8% in N&% resulted in 50% of the
subjects noticing a difference. This result support findings
by Terhardt [42].

The methodology used in this article is naturally ap-
plicable in other situations when objective measures that
have subjective counterparts are to be found. Although the
method is based on relative observations, an absolute rank-
ing can be obtained by using a reference or a well-defined
recording situation.
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akustischer Empfindungsgrößen. Kybernetik 5 (1968) 127–
133.

170



C





   
 
 
 
  1 (32) 

 
 

Evaluation of Drum Sound with 
ISO Tapping Machine 

 
Ann-Charlotte Johansson, Erling Nilsson, Per Hammer 

 
Division of Engineering Acoustics, LTH, Lund University,  

P.O Box 118, SE 221 00 Lund, Sweden 
Ann-Charlotte.Johansson@acoustics.lth.se 

 
 
 
ABSTRACT 
A branch norm, EPLF NORM 021029-3 [1], has been established for measuring drum 
sound on laminate floor coverings. ‘Drum sound’ refers to the sound occurring when an 
object, e.g. a foot, strikes the flooring in the room in which the receiving ear is located. 
The norm evaluates the subjective perception of the drum sound’s loudness using the ISO 
tapping machine. A round-robin study of the norm is reported along with the results of a 
paired comparison listening test using the same floor coverings. The article discusses 
general aspects of evaluation measures, tapping machines, test environments, etc., that 
need to be considered when measuring drum sound on various floor coverings, such as 
linoleum, wood parquet and laminate. It is concluded that loudness as measured 
according to ISO 532B correlates the best with the subjective perception of the drum 
sound’s loudness. The tapping machine can be used to excite hard floor coverings to 
produce the drum sound, but should be used with caution in studying low-level drum 
sounds due to the tapping machine’s inherent mechanical noise. 
 

1 INTRODUCTION 
Interest in the effect of background noise on health and work capacity has increased. One 
disturbing factor in office spaces, hotels, schools, etc., is the ‘drum sound’, i.e., the sound 
produced when an object, such as a foot, hits the flooring in the room in which the 
receiving ear is located. Drum sound is sometimes also called ‘walking sound’ or ‘drum 
noise’, although ‘drum noise’ should be avoided since the term ‘noise’ suggests that the 
sound is unwanted, which is not always the case. Drum sound has attracted interest in 
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recent years, particularly due to the increased use of thin floating floor constructions, 
such as veneer or laminate flooring, which can produce loud, sharp drum sounds when a 
person wearing hard-heeled shoes walks on them. Consumers’ increasing demand for 
floorings with improved drum sound properties has made the industry interested in 
producing better products. The Division of Engineering Acoustics at Lund University in 
Sweden has worked in the field since the early 1990s. Recordings, listening tests and 
measurements of live walkers have been used to determine what causes disturbance, and 
to improve the drum sound. Johansson et al. [4] have developed a measure that correlates 
the subjective perception of the disturbance of the drum sound to recordings of the drum 
sound. The first study of drum sound known to the authors was made in Denmark in 1952 
by Larris [5]. In that study, measurements were made of the sound produced by a tapping 
machine on various types of floorings, and listening tests were performed in which 
listeners judged the level of the sound of a person walking on the floor by the help of a 
Barkhausen phon-meter (generating an 800 Hz tone). Two alternatives are suggested for 
representing the drum sound as a single figure: the mean value in the 50 to 800 Hz 
interval, or the mean value in the frequency interval of maximum sound pressure level.  
 
As better products are developed, a standard method for measuring floor performance and 
presenting it to the market is needed. Many measurements methods are used and there is 
a need to harmonise them. Naturally, the final method must be repeatable, reproducible, 
practical and must correspond to subjective perceptions of the sound − something 
surprisingly often neglected. In 2001 the European Producers of Laminate Floorings 
(EPLF) started to search for suitable methods. The Division of Engineering Acoustics at 
Lund University presented a method that was chosen for initial consideration [2]. This 
method uses the ISO tapping machine and measurements are made in damped rooms with 
the flooring of interest laid on a concrete floor. The measured loudness [3] is used in the 
evaluation, as earlier investigations found high correlation between loudness and the 
subjective perception of the drum sound. The norm has, however, been revised since 
then. In early 2004 a final round-robin test was performed. In conjunction with this, a 
paired comparison listening test was also performed in the laboratory at the Division of 
Engineering Acoustics. In this test listeners were asked which drum sound was the 
loudest; this was done to control for the correlation of the norm to subjective response. 
The results of the round-robin and listening test are reported here.  
 
An ad-hoc group was established in 2003 following a CEN TC 126 resolution to prepare 
a standard for ‘Laboratory measurement of walking noise on floors’. The intention is so 
far to keep the standardised tapping machine (with or without modifications) as the 
source of the drum sound, and to use a test room and measurement set-up similar to that 
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of the EN ISO 140 series. More information on other methods used in Nordic and other 
European countries can be found in [6]; two of these methods are presented below. 
 
The French standard, NF S 31-074: ‘Laboratory measurement of in-room impact noise by 
floor covering in this room’ [7], approved in 2002, is based on EN ISO 140-8 [8]. 
Measurements are made in a reverberation room. To reduce the inherent mechanical 
noise, a sound insulating cover is placed over the tapping machine. The result is 
presented using the Ln,e,w index, evaluated in accordance with EN ISO 717-2 [9]. The 
method is not intended to provide a subjective evaluation of the results. 
 
DELTA Danish Electronics, Light and Acoustics employs a method similar to that of EN 
ISO 140-8. The test floor is laid in a reverberation room on the standard concrete floor. A 
standardised tapping machine is used. A reverberation time correction is applied, and the 
normalised drum sound level per 1/3-octave band is given as the result without any 
evaluation of a single numeric value [6]. 
 
This paper discusses general aspects of evaluation measures, tapping machines, test 
rooms, test samples, etc., that have to be dealt with when considering measurement of 
drum sound on various floor coverings, such as linoleum, wood parquet and laminate, 
and in seeking a suitable norm. After this, a short description of the branch norm, EPLF 
NORM 021029-3 [1], for laminate floor coverings and its scope is given along with the 
results of the round-robin test of the norm and the corresponding listening test. 
 

2 GENERAL ASPECTS 

2.1 Evaluation measure 
The aim that an objective value should have a subjective counterpart could mean many 
things. Is it a measure of, for example, perceived loudness, disturbance, pleasantness 
and/or pitch that is desired? Should the measure indicate improved product sound 
quality? Product sound quality was defined by Jekosch and Blauert [10] as: ‘a descriptor 
of the adequacy of the sound attached to a product’. Regarding flooring coverings, this 
could mean that the drum sound from a wood floor should not sound like that of a stone 
floor. Is it then even possible to formulate a common norm for all floor coverings? If the 
starting point is to improve, for example, the office environment by decreasing the 
disturbance caused by people walking on the floor, it can be assumed that it is not 
important to the listener whether the sound has a ‘wooden’ or ‘stone’ character; what is 
important is that the sound causes disturbance and that the disturbance should be 
decreased. In other cases, the character of the sound may be more important, and a 
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decrease of the amplitude of the drum sound should then be accomplished without 
negatively affecting the character of the sound. A study by Johansson and Nilsson [11] 
found perceptions of the disturbance and loudness of a drum sound to be highly 
correlated (correlation coefficient = 0.995) when listeners were judging recordings of 
drum sounds. Therefore, by choosing a measure that correlates to the perceived loudness 
it is possible to produce a true and clear measure for the office and home environments. If 
needed, such a measure can be complemented with another measure describing the 
character of the sound. However, a measure describing the pitch has yet to be found, 
‘sharpness’ [12] having been tested without success. 
 
The present authors investigated in [4] the correlation between the subjective perception 
of disturbance produced by the drum sound and recordings of the same drum sound. 
Listeners were asked in a paired comparison test performed in a laboratory which 
recorded drum sound was most disturbing. Various measures, such as loudness (sone) 
according to ISO 532B [3], were tested against the subjective response using linear 
regression. The difference in loudness between two stimuli was shown to predict the 
subjective response better than, for example, A-weighted sound pressure level did. The R2 
statistic, a measure of the reduction in variability of the outcome when using the 
regression variables, was 98.1% for loudness and 93.4% for A-weighted sound pressure 
level [4]. In another study the listeners again listened to recordings of people walking and 
gave their judgements, but the objective measures were obtained using the ISO tapping 
machine as the source of the drum sound. A larger range of flooring materials was 
included, so the differences between the studied drum sounds were clearer than in 
previous studies. In that case, C-weighted sound pressure level showed as good a 
correlation as loudness did to the perceived loudness as well as to the perceived 
disturbance [11]. In the round-robin study and associated listening test reported on below, 
loudness according to ISO 532B showed higher correlation to the perceived loudness 
than did either A- or C-weighted sound pressure level. The correlation coefficient in this 
case was 0.83 using the loudness measure, whereas it was 0.72 and 0.73, respectively, 
using the A- and C-weighted sound pressure levels. This indicates that when the level 
differences between drum sounds are great, a rough measure such as C-weighted sound 
pressure level can be just as good as the more complex loudness measure; however, when 
the drum sounds are more similar in character, loudness is a better measure. As loudness 
always shows good correlation to the perceived loudness, it is most reliable to use 
loudness in all cases. 
 
The loudness measure has been used in several investigations of building acoustics. In 
1965, Fasold used the loudness level when deriving an optimum theoretical curve for the 
normal impact sound level [13]. Psychoacoustic measures were used by Zwicker and 
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Fastl [14] to obtain quantitative figures regarding transmission loss for a facade. Good 
correlation to subjective preferences with regard to impact sound insulation was found by 
Nilsson and Hammer [15], using the standard tapping machine and the ISO 532B 
loudness measure. The use of loudness in standards is, however, limited, no such use 
being known to the authors. On the other hand, A-weighted and C-weighted sound 
pressure levels are used in many standards. A-weighted sound pressure level was 
standardised only a couple of years earlier than loudness was, but since it was easier to 
calculate by hand than loudness was, and could already be measured using a portable 
level meter in 1936 (loudness could first be measured using a portable meter only in 
1981) it has been more widely used. With the advent of modern computers, however, 
these differences are less important. A-, B and C-weighted sound-pressure levels are 

are applicable to certain sound levels, and predictions of the perceived loudness of sounds 
of various frequency and level contents based on one of these measures are likely to fail. 
The loudness sensation, however, depends not only on the frequency content; other 
effects, such as masking and sound duration, have to be considered as well. The loudness 
measure takes account of the level and frequency dependency of the ear by using several 
phon contours, the effects of masking, and spectral distribution [12]. If one standard is 
sought for several types of floor coverings, it is therefore better to use a measure that can 
adequately handle various levels of drum sound. 
 
Two methods for calculating loudness are described in ISO 532. Part A is based on 
octave-band and part B on one-third-octave–band measurements. Although these 
methods were developed for use with steady sounds, part B was shown to be useable for 
transient sounds as well [4]. Loudness, unlike A-weighted sound pressure level, is a 
linear measure, i.e., a doubling of the loudness value indicates a doubling of the 
perception of loudness. This linearity is advantageous, particularly in communicating 
differences and improvements to non-acousticians, and some examples are given in [16].  
 
The use of loudness to predict either perceived loudness or perceived disturbance is 
therefore suggested. 

derived from the 40-, 70- and 90-phon contours, respectively. As a result, these measures 
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2.2 Excitation source – tapping machine 
As the ISO tapping machine is used in measuring the impact sound of floorings and it 
produces the drum sound when operating, it seems natural to use it in measuring the drum 
sound as well. However, several other excitation sources come to mind. A walking 
person definitely produces the drum sound for that particular person, but the method 
naturally lacks the reproducibility required of a standardised method. A machine that 
simulates an actual, particular foot can be produced, but such a machine would not be 
immediately available to acousticians and manufacturers of floor coverings. The annex of 
ISO/DIS 140-11 [17] describes a modified tapping machine. The modification involves 
inserting a soft layer between the hammers and the floor surface to make the impedance 
spectrum of the hammer resemble that of a person walking without shoes. Scholl 
suggested a similar solution in [18], but the question remains as to whether this would be 
applicable for evaluating the drum sound. The soft layer was used in [6] in measuring 
drum sound, and it was seen that the material used was too thick because all results were 
the same and what was measured consisted primarily of inherent mechanical noise. This 
was hardly surprising, since the difference between most floor coverings in terms of the 
sound excited by a person walking without shoes is small compared to the difference 
when a person is walking with hard-heeled shoes. Therefore the modified tapping 
machine is not applicable here; the correlation to the real situation is instead achieved by 
using a proper method for evaluating what is measured with the original tapping machine 
available in most building acoustic laboratories. Another sound source that might be 
useful is a steel ball; however, measuring the sound of a single impact is more 
complicated than measuring sound from a repetitive, stationary source. 
 
In this study the correlation between the measurement method and the subjective 
perception of the drum sound is always controlled for using a walking person wearing 
hard-heeled shoes as the exciter of the drum sound. However, drum sound is also 
produced by dropped items such as keys. The evaluation method presented here should 
probably be changed to assess accurately the drum sound produced by such items. On the 
other hand, the measurement set-up could stay the same, as long as the source excites the 
frequencies of interest. No investigations of this kind of drum sound will, however, be 
presented here. 
 
The ISO tapping machine is described in annex A of EN ISO140-8 [8] which specifies, 
for example, the hammers’ curvature, dimensions, location and momentum, as well as the 
time between impacts. Still, when two different tapping machines are used in testing the 
same flooring in the same room, discrepancies in the results may still appear. Assuming 
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that the requirements specified in EN ISO140-8 [8] are met, the following may explain 
such discrepancies: 
 

• Inherent mechanical noise affecting the measured drum sound 
• Diverse directivity of the excited drum sound 
• Varying contact between the floor covering and sub floor: if exactly the same spot 

was not used, or if too few spots were used in the averaging process, divergent 
results will be produced. This is, however, not due to the tapping machine itself 
and will be treated in section 2.3. 

 
As the tapping machine was developed to produce impact sound, its inherent mechanical 
noise was not regulated in the standard; such noise can be reduced when needed by 
installing a cover, without affecting the transmitted impact sound. When it comes to 
measuring drum sound, however, the inherent mechanical noise is more significant and 
not as easily dealt with. Figure 1 shows the results of measurements of drum sound made 
on two floors using two different types of tapping machines. The sound levels were 
measured at a distance of 1 m from where the hammers hit the floor surface in a damped 
room (reverberation time 0.2 s, 300−6300 Hz, room volume 162 m3). The inherent 
mechanical noise clearly affects the results for the flooring in the right-hand diagram 
(Figure 1 b), while it has a lesser effect on the flooring in the left-hand diagram (Figure 1 
a), although differences do still exist. To enable drum sound to be measured on all types 
of flooring, including textile flooring, the inherent noise needs to be decreased 
significantly. However, all of the currently available tapping machines fulfilling ISO 140-
8 can not easily be improved enough, for example, by installing a cover, so as sufficiently 
to reduce the mechanical sound. The inherent noise needs to be measured in some way so 
that proper correction can be made, or at least so that it can be estimated whether the 
measurements are affected by the inherent noise.  
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Figure 1  Measurements of drum sound using two types of tapping machines (types 

I and II) on two floor coverings: a) 7-mm veneer floor on polyethylene 
foam on concrete sub floor; and b) 3-mm linoleum flooring with a soft 
underlay glued to the concrete sub floor. 

When measuring the inherent mechanical noise of the tapping machine it is important to 
simulate the actual situation as much as possible, although the true drum sound should be 
removed. Preferably the tapping machine should stand as stably as in the real test 
situation, soft material shall only be installed under the hammers, the correct falling 
height must be maintained and the distance between the tapping machine and the floor 
surface must be unchanged so that the radiation pattern is similar to that occurring during 
drum sound measurement (see Figure 2). The same figure shows the results of three 
different set-ups for measuring inherent mechanical noise. The results obtained with solid 
blocks of high-density fibreboard (HDF) and concrete blocks, respectively, and when the 
entire tapping machine is standing on a textile carpet are shown. Measurements are made 
at a distance of one meter from the sound source in a damped room, as described above. 
It can be seen in the figure that the amount of inherent noise differs between the three set-
ups. The inherent mechanical noise of the tapping machine depends on the stability of the 
surface supporting the machine. The textile carpet introduces absorption and stabilises the 
machine, thus decreasing the measured inherent mechanical noise. If correction is to be 
made for inherent noise, it seems like none of these measurements is applicable for all 
types of drum sound measurements. As the inherent mechanical noise depends on the 
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whole system, a general specification on the measurement set-up could be to use solid 
blocks (as in Figure 2) of the same material as the actual test floor. 

Solid block Soft layer Solid block 

Tapping machine hammer 

 

 
Figure 2 Measurement of inherent mechanical noise using three set-ups with the 

same tapping machine. The results obtained using the set-up to the left 
with solid HDF or concrete blocks is shown by the solid and dashed line 
respectively. The dotted line is obtained when placing the entire tapping 
machine on a textile carpet. 

 
In the absence of new tapping machines on the market, developed to enable drum sound 
measurements as well, there is a need to find a way to reduce inherent mechanical noise. 
One such way could be to use a sound-reduction cover that muffles the inherent sound 
without affecting the radiated drum sound. The French standard [7] suggests a cover of 
either glass or stone wool. Unfortunately, this solution is not good enough for all types of 
tapping machines. The newer available tapping machines have too much inherent noise 
for this solution to be effective, even for measurements made on thin floating floors such 
as veneer and laminates. If the cover is made of a rigid material lined with a porous 
absorber, the sound-reduction effect increases but more of the emitted drum sound is also 
muffled. As the intention of the cover is to reduce the mechanical noise without affecting 
the emitted drum sound, the dimensions of the cover should be in the same range as those 
of the tapping machine. The cover should be designed to be most effective at frequencies 
at which inherent noise is greatest. A rigid cover could well decrease the measured sound 
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at some frequencies while increasing the measured sound at others, due to internal 
resonances of the cover at frequencies of about 200 Hz and lower, depending on the 
geometry of the cover. As the sound pressure levels at these frequencies in most cases, 
for example, involving thin floating floors on a homogenous concrete sub floor, have less 
effect on the perception of the drum sound, they could be neglected. However, for some 
floor coverings, such as 22-mm wooden flooring on timber joists, there is in general a 
great amount of energy at these frequencies, so neglecting them might lead to misleading 
results. Therefore, the design of the sound-reduction cover should be carefully examined 
so that proper measurements of the drum sounds of interest are enabled. 
 
Larris [5] suggests another way to reduce inherent mechanical noise: reducing the impact 
frequency of the steel hammers. If the design of the tapping machine is not stable, the 
movements of the five hammers interact so that the machine starts to vibrate even more. 
For impact sound five hammers are needed to obtain sufficient power; for drum sound, 
however, such high power is not needed. The decrease of inherent noise obtained by 
using one rather than five hammers must be compared with the decrease of drum sound 
resulting from the same change. If the decrease of inherent noise is greater than the 
decrease of drum sound, the signal-to-noise ratio increases, resulting in overall 
improvement. If no difference is measurable it can be argued that it is better to use five 
hammers, since noise other than the inherent noise will be better masked. Figure 3 shows 
the difference between using five hammers and one hammer (the middle hammer) for two 
types of tapping machines. The difference in the sound pressure level of the inherent 
noise obtained with five as opposed to one hammer is subtracted from the difference 
obtained in the sound pressure level of the drum sound obtained with five as opposed to 
one hammer as measured on a laminate floor covering. Hence, a positive difference 
indicates that the difference between the inherent noise and drum sound has increased, 
while a zero result means that no gain or loss has been achieved by using one hammer 
instead of five. Measurements are made at a distance of one meter from the sound source 
in a damped room, as described above. All results represents median values (four 
measurements were made of the inherent noise, eight of the drum sound). As can be seen 
in the figure, for the type I machine there are positive and negative differences, while the 
for type II machine − also the machine producing more inherent noise − the difference is 
positive for most one-third-octave bands. As the difference between the inherent noise 
and drum sound for this type of tapping machine can be as small as a few decibels, the 
difference of about 4 dB that is seen in the 500−4000 Hz range is helpful. However, using 
only one hammer increases the standard deviation of the measurements, since the drum 
sounds are created at fewer spots. In these measurements the median one-third-
octave−band standard deviation was 2.0 dB for five hammers but 2.8 dB for one hammer. 
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Yet, the use of only one hammer could be one way to decrease the inherent noise of a 
tapping machine, although the amount of decrease depends on the design of the machine.  
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Figure 3 Difference in signal-to-noise ratio using one hammer and five hammers. 

The signal is the measured drum sound with an 8-mm laminate floor 
covering on a concrete sub floor; the noise is the measured inherent noise. 
The difference is measured for two types of tapping machines, I and II.  

 
The weight of different types of tapping machines varies. Different weights alter the 
contact between the floor covering and the sub floor, and this could have an effect on the 
emitted drum sound. Therefore the total weight of the tapping machine should be 
specified. 
 
The directivity of the two types of tapping machine for two, one-third-octave bands is 
shown in Figure 4, zero degrees denoting the case where the axis of the hammers is in 
line with that of the microphone. At 630 Hz, there is a clear dependence on the angle, 
whereas at 1000 Hz the pattern of radiation from the tapping machine is more similar to a 
half sphere. The frequency dependency of the directivity of the two types of tapping 
machines is similar, although one shows greater difference between 90 and −90 degrees 
due to the asymmetric construction of the tapping machine. Adequate power 
measurements can be made as long as the same total power is emitted from the machines. 
As measurements made at one point in the direct field will not produce the same results 
for all points using different tapping machines, a control is needed indicating that the 
selected measurement points produce similar results. The directional properties of the 
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tapping machines mean that it is important to remove any reflecting objects close to the 
measurement set-up. 

0

0

5

5

10 dB

10 dB

90o

0o

−90o

180o

630 Hz

0

0

5

5

10 dB

10 dB

90o

0o

−90o

180o

1000 Hz

 
Figure 4 Directivity of two types of tapping machines, type I (dashed line) and type 

II (solid line). Zero degrees denotes the case where the axis of the 
hammers is in line with that of the microphone. 

Even though there are difficulties in reducing the inherent noise, finding a proper method 
to measure inherent noise is crucial. It is also important to take account of the fact that 
different types of tapping machines can produce somewhat different directivity patterns. 
The tapping machine can be used as an excitation source for the drum sound, to rank hard 
floor coverings, such as laminate, veneer and parquet flooring; it should, however, be 
used with caution for drum sounds of low levels. 
 

2.3 Influence of uneven contact between floor covering and sub floor 
When making measurements on a floor covering over a thin hard underlay material the 
resulting sound pressure level can vary by 10 dB over a one-third-octave band just by 
moving the tapping machine to another spot − even while keeping the tapping machine 
oriented in the same direction relative to and the same distance from the microphone (see 
Figure 5). This difference is seen even though the floor fulfils the demand in [8]: in 
height ±1 mm over a horizontal distance of 200 mm. If the exact same spot was not used 
or if an insufficient number of spots was used in averaging, different results will be 
obtained. The flooring does not, on the other hand, seem to be as sensitive to air gaps 
when a real foot is creating the drum sound. The foot apparently presses the floor 
covering to the sub floor and removes the air gap before the major part of the sound is 
radiated. It was observed that for a floor covering with a thin (< 1 mm) underlay on a 
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concrete sub floor, positioning the tapping machine so that the influence of air gaps was 
small corresponded better to subjective perceptions of the sound of a person walking on 
the floor covering. 
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Figure 5  The lines represent drum sound measurements made on 7-mm laminate 

floor covering with a thin, 0.3-mm underlay using a tapping machine in 
eight different positions. Uneven contact between the floor covering and 
the sub floor may cause the radiated drum sound to vary 10 dB in a one-
third-octave band.  

As a result, the method chosen should take this effect into account, to minimise the 
influence of any air gaps. 

2.4 Influence of the size of the test floor 
Changes in the dimensions of the test sample could influence the radiated drum sound. A 
resonant floor covering with little damping is more sensitive to such changes than is a 
locally reacting floor covering with high damping. From a practical point of view, a small 
test floor is preferable since it is easier to find a suitable small test room, less work is 
required to install the floor and less material is needed. However, it remains to be verified 
that the radiated drum sound is not influenced by the reduced size of the floor. When 
testing the sound reduction impact of floor coverings on a heavyweight floor according to 
ISO 140-8 [9], the size of the floor covering shall be at least 10 m2 with the smaller 
dimension being at least 2.3 m. A floor covering of 8-mm laminate (high-pressure 
laminate + HDF) with an attached 2.5 mm polyurethane underlay material was used in a 
test where the floor size was decreased from 3 × 4.1 m2 to 2 × 2.4 m2. Eight different 
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positions of the tapping machine on the floor were measured using 4 different 
microphone positions (see section 3.2) on both test samples. The measured sound 
pressure levels are shown in Figure 6. A two-sample t-test [19] comparing the mean value 
in each one-third-octave band revealed no systematic changes resulting from the changed 
size of the test floor at the 0.05 level of significance.  
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Figure 6  The radiated drum sound from two samples of different sizes was 

measured. The floor covering was an 8-mm laminate with an attached 2.5 
mm of polyurethane underlay material. 

Thus, for this type of flooring the smaller floor size (2 × 2.4 m2) is sufficient. Naturally, 
other types of flooring might display different behaviours that need to be investigated. 
However, the flooring dimensions should preferably be chosen so that the ratio of the 
squares of the edge lengths is irrational, so as to excite the most eigenmodes of the 
flooring [20]. Here the focus has been on floor coverings; no investigation has, for 
example, been made of the influence of test floor size on lightweight floor structures. 

2.5 Test room 
The airborne and impact sound reduction properties of floor coverings are tested in 
laboratory according to ISO 140-8 with the use of two adjacent reverberation rooms. 
Measuring the drum sound in such an environment permits the rapid and convenient 
measurement of these three properties. However, floor manufacturers are not always 
interested in all three properties. Good drum sound properties generally mean poorer 
impact sound properties and vice versa, and manufacturers are sometimes interested in a 
product with the best available drum sound properties, regardless as to its airborne or 
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impact sound properties. A reverberation room with a diffuse sound field is available in 
most sound laboratories, but such conditions are not easily achieved by manufacturers 
wishing to make the measurements themselves. A procedure that enables measurements 
to be made in the field is much sought after. Field measurements made using an 
evaluation method relying on a diffuse sound field have the disadvantage that a diffuse 
sound field generally never exists. However, a sound power level measurement method 
similar to EN ISO 3744 [21], in which a damped room is required, could be a solution. 
 
As previously stated, an important requirement of any measurement procedure is that it 
should produce a measure with a subjective counterpart. As the perception of a sound 
depends on, among other matters, the level and frequency content of the sound, 
correlation to the subjective perception is likely to improve if the level of the measured 
drum sound is equal to that of the original sound. A damped room is more similar to an 
office space or home environment than is a reverberation room. Measurements made in a 
more damped room indicate lower sound pressure levels than do measurements made in a 
reverberation room, and are more in accordance with actual experience (even though the 
level of the drum sound produced by the tapping machines still exceeds the level 
produced by the average walker). 
 
Figure 7 shows the correlation between a listening test of the perceived loudness of a 
drum sound generated by walking persons and four measures of the sound pressure levels 
measured at various laboratories with different reverberation times. The results were 
obtained from the round-robin study described below in section 3.5. The sound pressure 
levels were measured eight times at a distance of 1 meter from the tapping machine at a 
height of 0.71 m, as in EPLF NORM 021029-3 [1]. The median values of the calculated 
measures for each of the five floor types were used to calculate the correlation coefficient 
for the listening test. It is seen in the figure that the loudness measure gives the best 
correlation for reverberation times less than 0.4 s, but that for the two laboratories with 
reverberation times of 1.0 and 1.6 s, respectively, the correlation coefficient is low. A 
reason for the decreased correlation could be the directivity of the tapping machine. As 
was seen in Figure 4, for some frequency bands the tapping machine radiates more sound 
in directions other than the measurement direction. When the reverberation time is 
increased, the influence of the reverberant field increases, which could cause the changes 
in the spectra energy distribution seen in Figure 8. The measurements are parallel, but the 
curve of the longer reverberation times shows a second peak at 5000 Hz. This difference 
might seem small, but as the differences between the examined floor coverings were 
rather small it is sufficient to decrease the correlation to the listening results. It seems as 
if the measurement set-up used in EPLF NORM 021029-3 [1] cannot be used in rooms 
with longer reverberation times. However, with a different set-up, measurements can be 
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made in rooms with longer reverberation times. In Johansson and Nilsson [11] laboratory 
measurements were made in both a damped (T250-2000 = 0.2 s, volume 162 m3) and a 
reverberation room. The measurements in the reverberation room were made using a 
rotating microphone and several types of tapping machine. Independent of the measure 
used (loudness, A- and C-weighted sound pressure levels), the correlation coefficients 
were always somewhat higher for the damped room, though still of a similar magnitude 
(all correlation coefficients were between 0.80 and 0.89). However, measurements made 
in a reverberant field display another effect that needs to be considered. The coupling 
between the floor and room can in adverse circumstances lead to misleading results, 
especially in the low-frequency region, as what is measured is not only the properties of 
the floor but also the properties of the room.  
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Figure 7  The correlation coefficients of the results from the round-robin test 

conducted in seven laboratories with various reverberation times, T250–2000, 
to the listening test described below are calculated using four measures: 
loudness, N, A- and C-weighted sound pressure levels, LA and LC, and 
weighted impact sound pressure level, Lw. 
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Figure 8  The median of eight measurements of drum sound for a laminate floor 

covering with cross-linked polyethylene underlay foam at two locations 
having different reverberation times.  

As in the case of impact sound reduction measurements, the influence of a floor covering 
on the drum sound is dependent on the sub floor. Measurement results for a bare, 
reinforced concrete slab will be dependent on its thickness, but when a floor covering 
such as thin wooden parquet is added, this dependence is reduced as the difference in 
impedance is large. However, if all types of floor covering are to be tested using the same 
method, and if limits on the drum sound of floor coverings are to be set, a demand must 
be established as to the thickness of the sub floor so that its influence is reduced or its 
effect accounted for (see [7]). 
 
Measurements of drum sound can be made in a damped or a reverberation room: the 
choice is not critical, though the measurement set-up needs to be adapted to each situation 
so as to ensure good correlation to listening test results. However, the final results 
obtained in a damped room have been shown to agree somewhat better with subjective 
perceptions of drum sound. 
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3 BRANCH NORM – EPLF NORM 021029-3 

3.1 Defining the scope of the norm and choosing initial method 
In 2001 the branch organisation, European Producers of Laminate Flooring (EPLF), 
started searching for a method for measuring drum sound on laminate floor coverings. 
EPLF required that the method should be repeatable, reproducible, practical and must 
produce results in line with subjective perceptions of the sound. There was also a desire 
to find a method that could be performed without a reverberation room.  
 
Initial listening tests and objective measurements were performed for four laminate floor 
coverings. The tests used the following exciters of the drum sound: a dropping ball 
(Wilhelm-Klauditz-Institute, WKI, in Braunschweig, Germany), an actual foot (Institut 
für Holztechnologie, IHD, in Dresden, Germany), an ISO standard tapping machine in a 
reverberation room (Centre Technique du Bois et de l'Ameublement, CTBA, in 
Bordeaux, France) and an ISO standard tapping machine in a room with a short 
reverberation time (Engineering Acoustics, Lund University, in Lund, Sweden). The 
results of all methods were observed to correspond well in terms of perceived loudness 
with the results of listening tests; this was true when the results were either in their initial 
form or when loudness according to ISO 532B was used to evaluate the measurement 
results. The listening tests included questions about the pleasantness and pitch of the 
sound. Good correlation to ‘pleasantness’ was also achieved, but this result was excluded 
since what is perceived as pleasant in some cases includes a judgement as to whether the 
sound is deemed appropriate for the type of the floor (i.e., wood, stone, etc.). Hence, a 
sound that is judged to be pleasant for a wood floor, for example, might not be perceived 
as pleasant when emanating from a stone floor; the perceived loudness, however, is not 
influenced. When the design or type of floor is unknown to the listener, such as when the 
listener is listening to recorded drum sound, the perceived loudness and perceived 
disturbance are highly correlated [11]. No measure with good correlation to perceived 
pitch was found, and it was finally decided to focus on finding a suitable norm method 
that correlated well to the perceived loudness of the drum sound produced by walking 
persons.  
 
As the method presented by the Division of Engineering Acoustics, Lund University, 
allowed measurements to be made in rooms that were more available to the branch and 
used the tapping machine already used in impact sound measurements of floors and floor 
coverings, it was chosen as the initial method. However, the method has been revised 
since then, the final revision being made in November 2004 after a final round robin 
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including listening tests was finished [1]. A brief description of the criteria and limits of 
the norm follows. 

3.2 Measurement set-up 
The ISO standard tapping machine is chosen as the source of the drum sound. A sound-
reducing rigid cover lined with sound-absorbing material is used to reduce the inherent 
mechanical noise of the tapping machine itself. The sound-absorbing material was 
selected to function optimally in the 800−1000 Hz range where the inherent noise is 
greatest. Frequencies below 250 Hz are neglected, since their influence on laminate 
floorings is small and since considering them would place demands on cover design that 
would be difficult for different types of tapping machines to accommodate. Since 
differences were observed between types of tapping machines, one type of tapping 
machine is selected or tapping machines proven to produce identical results can be used. 
The type chosen is not the one with the lowest inherent mechanical noise, but it is a type 
that is readily available. Inherent noise is measured to get an indication of whether or not 
the results are affected by inherent noise; no corrections are made, however, since more 
information is needed concerning how to make such measurements properly. 
 
Since the flooring industry would prefer a method that could be performed without a 
reverberation room and preferably in the field, a room with a short reverberation time is 
chosen as the test room. Hence, a room with a free field over a reflecting plane, as in a 
semi-anechoic room, is desirable though not required. Such a room was also chosen as it 
is more similar to a real-life environment, such as an office space, than a reverberation 
room is. To make complete power measurements of the drum sound produced by the 
tapping machine, microphone positions must be chosen so that a representative value of 
the sound power is achieved. EN ISO 3744 [21] requires at least eight microphone 
positions. However, the process of measuring drum sound is complicated by varying 
contact between the floor surface and the sub-floor, and several measurement positions 
on the floor are needed in order to achieve representative results; truly representative 
sound power measurement thus becomes time consuming. Instead, a fixed position of the 
tapping machine relative to a single microphone is chosen. Eight different positions of the 
tapping machine on the floor covering relative to four different microphone positions is 
used (the tapping machine is moved twice while retaining the microphone position). To 
decrease the influence of the reverberant field on the measurements, a distance of one 
meter between the microphone and where the centre hammer hits the floor is chosen. 
When measuring in the field it is difficult to decide whether measurement is being made 
in the direct or in the reverberation field. Departures of the test environment from free-
field qualification are partly accounted for, as in EN ISO 3744 [21]. The measured sound 
pressure levels are corrected with the environmental correction factor, K, defined as  
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where T is the reverberation time (s) for the actual one-third-octave-band and V is the 
volume of the room (m3). The free-field qualification is satisfied by a given test room if 
the ratio of the volume of the room to the reverberation time is sufficiently small; in EN 
ISO 3744 [21] K must be under 2 dB. It was seen in the round-robin test that the demand 
on the quoted T/V needed to be raised to ensure measurements in the direct field; an 
upper limit on T of 0.45 s in each one-third-octave-band was chosen together with the 
demand that the correction factor should be less than 2 dB, as in EN ISO 3744 [21]. As 
measurements of reverberation time less than 0.15 s are insecure it was chosen as the 
lower limit in performing correction, even though measurements are allowed. 
 
The size of the tested floor covering shall be 2 × 2.4 m2; the sub floor shall consist of 
reinforced concrete at least 120 mm thick. 

3.3 Evaluation 
Loudness according to ISO 532B is chosen, as it has been shown to be superior to other 
suggested measures, such as A-weighted sound pressure level, as reported in section 2.1. 
It is assumed that the four lowest loudness values represent positions where the influence 
of any gap between floor surface and sub floor is small, and good contact is achieved (see 
section 2.3). The mean of these four values is then taken to represent the floor covering 
and is denoted Nm. This Nm value is then compared with the Nm value of the reference, so 
as to obtain the reduction or increase of the drum sound’s loudness in percent. 

3.4 Classification 
As reported above, a measure that correlates well to the perception of the drum sound is 
presented in Johansson et al. [4]. The goal of the study was also to gain understanding of 
the subjective implications of differences in these objective measures; that is, what values 
of a given objective measure align with different qualitative judgements. In a paired 
comparison test performed in the laboratory, listeners were asked which walking sound 
was the most disturbing. The responses were analysed using a modified Bradley and 
Terry model allowing for ties [22]. Various measures, such as loudness according to ISO 
532B, were tested against the subjective response using linear regression. The difference 
in 10-percentile loudness, N10, between two stimuli was shown to predict the subjective 
response better than, for example, A-weighted sound pressure level. A difference of about 
8% in N10 or 8% in loudness resulted in 50% of the subjects declaring a qualitative 
difference.  
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Within the norm, a reference floor covering was used to establish a basis of comparison. 
The worst class consists of floor coverings producing increased loudness compared with 
the reference or loudness reduction less than 5%; the next better class produces loudness 
reduction of 5 to 15%, the next class 15 to 25%, etc. These categories were judged 
appropriate based on the findings of the tests in the round-robin study and the test 
reported above. 

3.5 Round-robin study and listening test 
To finalise the work on the norm it was decided to perform an extended interlaboratory 
round-robin study. The main objectives of the study are to determine and document the 
within-laboratory repeatability and the between-laboratory reproducibility of the test 
method and to determine and document the correlation between the objective results of 
the test method and the results of subjective listening tests. 
 
Five laminate floor coverings are included. Two of the laminate floor coverings consisted 
of 7-mm HDF: one was installed loosely over a layer of polyethylene foam and the other 
over a soft board. The three other laminate floor coverings incorporated attached 
underlays of polyurethane foam, cross-linked polyethylene foam and thin (0.3 mm) 
underlay, respectively. The floorings are referred to as flooring A, B, C, D and E, the 
order of labelling being randomised so as to anonymise the results.  

Round robin 
The laboratories participating in the round robin are: 

• Alveo AG, Luzern, Switzerland 
• Danish Electronics, Light and Acoustics, DELTA, Copenhagen, Denmark. 
• Engineering Acoustics, LTH, Lund University, Lund, Sweden 
• Institut für Holztechnologie in Dresden, ihd, Dresden, Germany 
• SP, Swedish National Testing and Research Institute, Borås, Sweden 
• Wilhelm-Klauditz-Institute, WKI, Braunschweig, Germany 

The measurements in the round-robin study were made according to EPLF NORM 
021029-2 [23], a former version of EPLF NORM 021029-3. The major differences 
between the two norms are that in the former version the frequency interval of interest is 
larger, the environmental correction somewhat different, no reference is used and no 
loading of the test samples is conducted. Each laboratory measured the drum sound twice. 
While evaluating the results, however, revisions were made. The values reported here are 
based on these measurements, but the evaluation of the measured sound pressure levels 
has been adapted according to EPLF NORM 021029-3, as follows: 
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• Frequency interval of interest is 250−6300 Hz 
• Environmental correction is made if the reverberation time is 0.15−0.45 s. When 

the reverberation time is less than 0.15 s no correction shall be made, although 
measurements are allowed. For reverberation times greater than 0.45 s no 
measurements are allowed. The measurements made at DELTA, where the 
reverberation time was long (up to 1.1 s), would not be sufficiently corrected by 
the environmental correction factor, so their results are not presented here. 

• The 7-mm HDF with polyethylene underlay foam is used as a reference (in result 
section ‘B’), and the results for the four other floorings are presented here in terms 
of percentage reduction compared with the reference loudness value, Nm. The 
reference mentioned above in section 3.3 was chosen after the round robin. 

• One type of tapping machine and other tapping machines producing identical 
results are allowed. As two of the labs used another type of tapping machine 
producing different results, they were excluded from the evaluation below. 

The laboratories are denoted Labs 1 to 4, the order not corresponding to that of the above 
list. 

Listening test 
The listening test was performed by the Division of Engineering Acoustics, Lund 
University, Sweden. The sounds were recorded in a room of 162 m3 having a 
reverberation time of 0.3 s at 200−315 Hz and 0.2 s at 400−10000 Hz. The level of the 
background noise (slight fan noise) was 21 dBA. The samples were laid on the bare 
concrete floor in the middle of the room (see Figure 9). Four walkers walked, one at a 
time, back and forth taking five steps in each direction over the sample at a speed of 
approximately 2 steps/s for 30 s. Two male and two female walkers wearing hard-heeled 
shoes were used. Two-channel recordings of the walking sounds were made using a 
dummy head and B&K 4181 microphones, G.R.A.S. 26AK preamplifiers and the 01-dB 
Stell Symphonie digital real-time analyser (sampling frequency 51.2 kHz). The dummy’s 
ears were located 1.15 m above the floor surface, as would be the case with a sitting 
person. 
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Figure 9  Measurement set-up for making recordings for the listening test. 

From the 30 s recordings four samples were selected for inclusion in the test. The four 
first five-step sections available were selected unless irregularities in the walking, such as 
obvious stumbles, were perceived in any of them. The duration of each selection was 
2.8 s. 
 
During the listening tests the listeners listened to the recordings using Sennheiser HD 600 
headphones. The playback level using headphones was checked by direct comparison of 
the live and recorded drum sound, this calibration being performed twice by five 
listeners: the agreement of the five was good, and the average value of the chosen 
playback level was used. The playback level was tested in a second way. White noise was 
recorded in the room and then replayed through the headphones on the dummy head. The 
playback level was adjusted and analysed until the same level as that of the initial white 
noise was achieved. The two methods resulted in the same playback level. 
 
The listening test was performed in a conference room of a laminate company in 
Perstorp, Sweden, and at the Division of Engineering Acoustics, Lund University. The 
background noise from the computer was minimised. The paired comparison test was 
performed using MATLAB. The listeners were introduced to the test and familiarised 
with the sounds before the test started, and a preliminary example test was conducted 
with no collection of results. The listeners were thereafter requested to imagine 
themselves in an office space, and in a paired comparison test, to say which of the sounds 
was louder (Swedish, ljudstarkast). It was possible to declare a tie. The subjects could 
switch between the sounds as many times as desired, with no time limit. As a button was 
pushed, a sound sample of five steps was played. The sound sample was chosen 
randomly from the available five-step intervals from the original 30 s recordings. 
 
The order of the sound samples was randomised for each subject. Each listener compared 
each pair of sound samples once; the length of the session was approximately 15 min. 
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During the test, the listeners were left alone, although they could get the attention of the 
test leader if necessary. The test results were saved automatically in data files for further 
analysis. 
 
Fourteen female and eighteen male listeners participated, their ages ranging from 25 to 61 
years. None of the subjects reported any hearing disabilities. Scale values for the 
floorings were produced using the statistical paired comparison model of Rao and Kupper 
[22]. This model allows ties, assuming that when the difference between two treatments 
is less than a certain value, or threshold, subjects will declare a tie. The probability of 
choosing treatment Ti when compared to Tj is set to 
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where πi (i = 1, 2…t) represents probability values for the t treatments, where 0≥iπ  and 
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i i1 1π . ln(θ) is the sensory threshold for the subject. lnπi is regarded as the ‘true’ 

merit of treatment Ti, and the natural logarithms of the probability values form a linear 
scale rating of the treatments. In this research, a higher value indicates a higher perceived 
loudness. 

Results 
Figure 10 presents the results from each laboratory. The reduction (%) is calculated using 
the loudness value Nm of floor covering B as the reference value. Table 1 presents the 
median values from the four laboratories; the medians of the following measures are also 
shown: loudness, A- and C-weighted sound pressure level, and weighted impact sound 
pressure level. The weighted impact sound pressure level was calculated using the 
reference curve in EN ISO 717-2 [9]. All values are calculated using environmentally 
corrected sound pressure levels. The same table presents the scale values for the five 
different floorings. Scale values for each walker are calculated from the listening test (see 
Figure 11). The variance of the scale values for each walker was small, but different 
walkers produced slightly different rankings (between floorings A, C and D). The table 
shows the median values for the four walkers.  
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Figure 10  Results of the round-robin study. Each laboratory performed the 

measurements twice. The loudness of floor covering B is used as the 
reference when calculating the reduction (%) of the drum sound’s 
loudness.  
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Figure 11  Scale values from the listening test together with their 95% confidence 
intervals. The open circle, filled circle, open diamond and filled square 
represent the four walking persons. 
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Table 1  The median results from the four laboratories for the following measures: 

reduction compared to floor covering B (%); loudness, N (sone); A- and 
C-weighted sound pressure level, LA, LC (dB); and weighted impact sound 
pressure level, Lw (dB). The scale values given are the median values for 
the four walkers. The coefficients of correlation between the measures and 
the scale values are given. 

Floor 
covering 

Reduction 
(%) 

N 
(sone) 

LA 
(dBA) 

LC 
(dBC) 

Lw 
(dB) 

Scale 
values 

A 5.8 60.9 86.1 86.4 80 1.2 

B 0 66.4 86.8 88.5 80 4.6 

C 10.2 60.5 85.9 87.1 79 1.5 

D 12.8 56.9 85.1 85.2 79 1.9 

E 1.4 64.6 86.4 90.0 79 3.5 

Correlation to 
scale values 

−0.80 0.83 0.72 0.73 0.16 
 

The precision of the test was determined with the help of ASTM E691 [24] and the 
results are shown in Table 2. Floor covering B is excluded since it is used as a reference. 
Sr is the within-laboratory standard deviation of the mean and repeatability, r = 2.8Sr. SR 
is the between-laboratory standard deviation of the mean and reproducibility, R = 2.8SR. 
In comparing two mean values for the same material obtained by the same operator using 
the same equipment on the same day, the means should be judged not equivalent if they 
differ by more than the r value for that material and condition. In comparing two mean 
values for the same material obtained by different operators using different equipment on 
different days, the means should be judged not equivalent if they differ by more than the 
R value for that material and condition. The judgements of repeatability and 
reproducibility will have approximately a 95% probability of being correct. 

Table 2  Precision statement of the round robin 

Floor 
covering 

Average 
(%) 

Sr 
(%) 

SR 
(%) 

r 
(%) 

R 
(%) 

A 6.3 1.4 3.6 4.0 10.1 

C 10.0 0.6 1.7 1.8 4.8 

D 12.0 0.5 5.9 1.3 16.6 

E 1.0 1.8 1.8 5.1 5.1 
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Discussion 
Figure 10 and Table 2 show that, compared with the differences between the floor 
coverings, repeatability is good but reproducibility is not as good. The results for two 
floor coverings from two different laboratories need to differ by 5 to 17 percentage points 
(floor covering dependent) to display significant differences. Floor covering D showed 
the lowest reproducibility; this, however, was expected since its underlay material was 
the thinnest. To be able to say whether or not this reproducibility is acceptable, a 
comparison is made using the reproducibility values regarding impact sound in ISO 140-
2 [25]. The measurement environment specified in the EPLF norm is not as strict as that 
used in the laboratory measurements, but is more strict than that specified for field 
measurements in ISO 140; in this respect the reproducibility values obtained should lie 
somewhere in between. As the construction of an entire floor structure includes more 
uncertainties than the set-up of a laminate floor covering does, the reproducibility values 
for drum sound here should be lower than for impact sound in ISO 140-2. However, as a 
rough estimate, the reproducibility values obtained from laboratory and field 
measurements, respectively, were added to the median values obtained from the four 
laboratories for all five floor coverings (as reproducibility values are only given up to 
3150 Hz, the value at 3150 Hz is used for frequencies above 3150 Hz). The loudness 
values are calculated based on these results and the original median values, and their 
differences are calculated. The difference is approximately 12 sones or 25−30 sones, 
using the laboratory and field values, respectively. As the difference between the results 
for a floor obtained by the four laboratories is at most 11 sones, the reproducibility values 
are within the expected range, even though improvements are always desirable. 
 
The correlation to the listening test is good but not perfect. However, of the measures 
presented in Table 1, loudness, either used alone or together with a reference as in the 
reduction index, shows the highest correlation. A- and C-weighted sound pressure levels 
both show lower correlations. Weighted impact sound pressure level, Lw, shows no 
correlation at all and seems to be too approximate a measure. As can be seen in Figure 
11, use of different walking persons resulted in different rankings of floorings A, C and 
D. This also indicates that the differences tested here are sometimes rather small; thus, 
the fact that the objective results obtained are not fully in agreement with the listening 
test results should not be considered as overly significant. However, the results indicate 
the need to use several walking persons, more than were used here, if similar floor 
coverings are to be ranked. 
 
The results obtained from the other two labs using the other type of tapping machine were 
as well correlated to the listening test as were the results used above; these results were, 
however, excluded since it was observed that they always differed slightly from the 
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others. However, before this difference could be examined further, the committee of the 
technical group within EPLF decided for the time being to allow only one type of tapping 
machine (other tapping machines are acceptable providing their results are identical to 
those of the selected type of machine). 

3.6 Applicability to other types of floor coverings 
The EPLF NORM 021029-2 has been tested in a Nordtest project using other floor 
coverings than laminate floor coverings to test the method’s applicability [11]. It was 
shown that the method can be used as a tool in selecting and ranking hard floor coverings, 
such as laminate, veneer and parquet flooring, but should be used with caution for drum 
sounds of low levels. 

4 CONCLUSIONS 

The measure loudness best correlated to subjective perceptions of the loudness and 
disturbance of the drum sound. The loudness is important when the degree of disturbance 
is judged, but other matters, such as the character and duration of the sound, are also 
important, although measures describing them have not yet been found. 
 
The standard tapping machine without an additional cover cannot be used on all types of 
flooring without restrictions, due to the inherent mechanical noise of the machine itself. 
Even with additional covers, not all tapping machines can be used. The mechanism of the 
tapping machine needs to be improved to enable the tapping machine to be used in 
measurements of all types of floor coverings. The use of only one steel hammer can 
decrease the inherent noise and improve the signal-to-noise ratio. 
 
If the inherent mechanical noise is to be corrected for, a proper method for measuring it is 
needed. As the inherent noise is system dependent, the measurement method needs to be 
adapted to the type of floor covering tested. 
 
Two different types of tapping machines may produce somewhat different drum sound 
results even though the influence of the inherent mechanical noise is negligible. In the 
case of measurements in the free field this could be due to different directivity patterns of 
the machines. 
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The tapping machine is sensitive to any air gaps between the floor covering and the sub 
floor. A measurement method which examines several measurement points is therefore 
needed. 
 
Measurement of drum sound can be made in either a damped room or in a reverberation 
room; the choice is not critical, but the measurement set-up needs to be adjusted to the 
measurement location. However, the final results obtained with a damped room have 
shown somewhat better agreement with subjective perceptions of the drum sound. 
 
The branch norm EPLF NORM 021029-3 can be used as a tool in selecting and ranking 
hard floor coverings, such as laminate, veneer and parquet floorings, but should be used 
with precaution for low-level drum sounds due to the inherent mechanical noise of the 
tapping machine itself. The round-robin study showed that the loudness measure 
according to ISO 532B is best correlated to perceived loudness as determined by the 
listening test. The reproducibility (between-laboratory) is high, considering the 
differences being measured between different materials, but still lies in the region 
expected in light of the reproducibility of impact sound measurements. 

5 RECOMMENDATIONS 

The use of the measure loudness is recommended as it is best correlated to the subjective 
perception of the drum sound regarding perceived loudness, independently of whether or 
not the source is the sound of a real step or a tapping machine. 
 
Measurement of drum sound can be made in a damped room or in a reverberation room; 
the choice is not critical, but the measurement set-up needs to be adjusted to the 
measurement location. However, the final results obtained with a damped room have 
shown somewhat better agreement to subjective perceptions of the drum sound. 
 
When measuring drum sound it is best to use a tapping machine with a low level of 
inherent mechanical noise. A specially designed cover to reduce the inherent noise is 
needed in most cases. The use of only one hammer can decrease the inherent noise and 
improve the signal-to-noise ratio. The departments developing tapping machines are thus 
requested to seek ways to reduce such inherent noise. 
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The method presented can be used as a tool in selecting and ranking hard floor coverings, 
such as laminate, veneer and parquet floorings; it should, however, be used with 
precaution for low-level drum sounds. 
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