
HAL Id: hal-00206058
https://hal.science/hal-00206058v1

Submitted on 5 Dec 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Copyright - All rights reserved

Comparative measurements of loudspeakers in a listening
situation

Mathieu Lavandier, Philippe Herzog, Sabine Meunier

To cite this version:
Mathieu Lavandier, Philippe Herzog, Sabine Meunier. Comparative measurements of loudspeakers in a lis-
tening situation. Journal of the Acoustical Society of America, 2008, 123 (1), pp.77-87. ⟨10.1121/1.2816571⟩.
⟨hal-00206058⟩

https://hal.science/hal-00206058v1
https://hal.science/licences/copyright/
https://hal.science/licences/copyright/
https://hal.archives-ouvertes.fr


Comparative measurements of loudspeakers in a listening
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Comparison of loudspeakers is a major concern during design or product selection. There are several
standards for the measurement of loudspeaker characteristics, but none of them provides hints for a
rigorous comparison between devices. In this study, different ways of evaluating acoustical
dissimilarity between loudspeakers were compared. Several methods of signal analysis were used,
and for each method a metric evaluating the dissimilarity between two signals was defined. The
correlation between the different dissimilarity evaluations over a significant panel of loudspeakers
led to identified classes of measurements. A specific aspect of this work is that measurements were
performed in a standard listening environment, rather than in an anechoic or reverberant one. It
allowed the use of the recorded signals for a simple listening test, providing a perceptual metric
which was compared to the acoustical ones. It also allowed the introduction of auditory models in
the computation of some acoustical metrics, so defining a new class of measurements which gave
results close to the perceptual ones. © 2008 Acoustical Society of America.
�DOI: 10.1121/1.2816571�

PACS number�s�: 43.38.Md, 43.58.Kr, 43.20.Ye, 43.66.Lj �AJZ� Pages: 77–87
I. INTRODUCTION

There are situations when studying loudspeakers where
relatively slight differences must be quantified: parametric
studies, classifications, or ranking of experimental or design
factors. Dealing with loudspeakers requires that such com-
parative measurements use a rigorous protocol, especially
when dealing with small changes, but also that their results
correlate well with the differences which would be perceived
by a listener. The need for such a tool might increase nowa-
days, as there is a trend to build active loudspeakers with
embedded amplifiers and dedicated electronics, including
linear filtering, adaptation to radiation conditions, and poten-
tially dynamics or nonlinear processing. Studying such com-
plex systems which involve many parameters usually re-
quires the comparison of numerous samples �different
loudspeakers and/or tunings�. Associated measurements
should be as fast as possible, and hopefully require widely
available facilities.

This paper focuses on the comparison of loudspeakers
by acoustical measurements, with a special interest for dif-
ferences which can be perceived by average listeners. The
long term objective of our work is to build a measurement
tool for assessing the relevance of modifications in design or
modeling of loudspeakers, in relation to their perceived in-
fluence. As a first step, our main interest was the timbre-
related dissimilarities between loudspeakers, generally inves-
tigated in monophonic reproduction.
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Timbre-related accuracy is a multidimensional charac-
teristic of the perception of reproduced sound. It was studied
in different ways depending on the aims of the researchers.
Some researchers investigated the perceptual dimensions un-
derlying the judgements of listeners.1–5 They either used dis-
similarity evaluations and multidimensional scaling
analysis,6 or absolute evaluations on chosen semantic scales
and factor analysis.7 Other researchers investigated the fidel-
ity judgments or preferences of listeners as a global absolute
evaluation of loudspeakers,8–13 in order to look for their link
with individual perceptual dimensions or acoustical measure-
ments �see Toole14 for a review of this approach�. Again,
both our acoustical and perceptual approaches were focused
on the relative differences between loudspeakers, but not on
their absolute quality or the preference of listeners. The study
presented in this paper identifies the most relevant acoustical
discrimination of loudspeakers regarding perception, without
evaluation along a quality scale or any particular perceptual
scale.

Researchers and manufacturers have at their disposal
different standards to evaluate their loudspeakers, physically
by using acoustical measurements,15,16 or perceptually by us-
ing listening tests.17–21 The goal of a standard is that an ab-
solute evaluation of a loudspeaker performed at a given time
and location could be compared to the same measurement
performed at another time or elsewhere. For this reason,
standards define measurement environments, test signals,
and measuring equipment. However, they allow different
combinations of those as long as the actual measurement
conditions are specified together with the results. This adds
to the uncertainty of the measurement results, especially
when they must be compared: some of the differences could
be related to differences in the measurement protocol rather

than to actual differences between devices. When relative
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differences between loudspeakers are the main goal of the
measurement, it is therefore better to use a single measure-
ment setup so that changing the device under test is, to some
extent, the only parameter that varies.

An important aspect of the measurements of loudspeak-
ers is that their indirect goal is to quantify the quality of the
sound reproduction, which is a very complicated notion,
mixing �at least� physical, psychological, and cultural as-
pects. Listening tests on loudspeakers require facilities that
are close to ordinary rooms. Such facilities are designed so
that they provide a usual “look and feel” to the listener, and
thus avoid bias listening habits. They must, however, ensure
a limited noise and a controlled reverberation environment.
More generally, they should not add a specific character to
the sound reproduction. Beyond this need for a “natural”
reproduction environment, a standardized listening environ-
ment ensures that the loudspeaker itself has the same behav-
ior during its test and its normal use. The room may have a
significant influence on the vibration of loudspeaker parts,
and it has a major influence on the spatial repartition of the
acoustic field.22,23 The frequency and dynamic content of the
program excerpts also has some influence on the test results,
as it may interact with nonlinear and memory effects.24

Hence, the test signals have to be speech or musical excerpts
chosen with great care. When dealing with a comparison of
loudspeakers which are very similar �i.e., prototypes with
slight design changes�, selecting a realistic environment is
more relevant than choosing one of the usual standardized
acoustical measurement environments.

Searching for a relationship between measurements and
perception is not a new topic. There is a general agreement
among researchers on the fact that “the frequency response
of the loudspeaker is the most important factor related to
perceived sound quality,”25 but there is less agreement on the
most relevant way to measure this frequency response in
order to link it with perception.26 The timbre-related accu-
racy of a loudspeaker might also be influenced by its nonlin-
earities and its directivity, which mediates its interaction with
the room.14 In order to bridge the gap between standardized
measurements and perception, researchers tended to define
acoustical measurements which took into account the listen-
ing conditions, but to greater or lesser extents and only a
posteriori. Measurements were done in listening rooms,2,27 or
this environment was resimulated more or less completely
from anechoic measurements.4,25,28 After taking into account
the listening room, some measurements considered the influ-
ence of the musical excerpt,4,5,27 and the properties of the
listener auditory system.2,4,5 In previous studies, either
acoustical measurements were compared but their link with
perceptual evaluation was not quantified,2,27,28 or the link
between acoustical and perceptual evaluations was quantified
but acoustical measurements were chosen a priori among
several possibilities without comparing these different
possibilities.4,5,13 The aim of our study was to compare dif-
ferent acoustical discriminations of loudspeakers, and quan-
tify their link with a parallel perceptual evaluation.

In order to find a link between our acoustical and per-
ceptual evaluations, and in front of the difficulty to do it a

posteriori, we tried to keep these two approaches as close as
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possible one to the other. The acoustical measurements had
to be done in the same environment as the listening tests, and
preferably at the same time, so we could be sure to measure
the same sound field along both approaches. To comply with
the constraints on listening tests,17–21 loudspeakers had to be
compared in the same room, for the same positions of re-
ceiver �microphone/listener� and loudspeaker. To evaluate
their relative differences, they also had to be compared one
just after the other, due to our short auditory memory.11 An
experimental protocol compatible with both the acoustical
and perceptual approaches was designed. It first consisted of
recording the sound radiated by loudspeakers in a room, and
then submitting the recorded sounds to signal analysis as
well as to listening tests using headphones.

Of course this protocol suffers from restrictions. For ex-
ample, the spatial dimension of reproduced sound and the
interaction between loudspeaker and room cannot be reliably
investigated using recordings and headphones; neither could
an absolute evaluation of the sound reproduction such as
preference or fidelity be undertaken with such protocol. We
did not intend to evaluate all the potential dissimilarities be-
tween the loudspeakers tested, as some of these dissimilari-
ties might not be present in the final recordings. Our aim was
to study the dominant remaining dissimilarities, with the ad-
vantage of complying with the constraints mentioned above,
of being sure that the remaining dissimilarities were associ-
ated with the loudspeakers and not another experimental pa-
rameter, and of having a direct access to the signals pre-
sented to the listeners. Previous studies dealing with the
perception of reproduced sound compared listening tests re-
alized live or using headphones.11,29–31 Even if the studies
had various aims, they showed that the two types of listening
tests gave very similar results concerning timbre-related ac-
curacy.

Several methods of signal analysis were tested on our
recordings, and for each method a metric evaluating the dis-
similarity between two signals was defined. These acoustical
dissimilarities were computed for the recordings, and were
systematically compared to the perceptual dissimilarities re-
sulting from the listening tests, in order to identify the most
relevant method for the acoustical discrimination. We chose
to base the acoustical approach on signal analysis done di-
rectly on the recordings used for the listening tests, rather
than considering estimations of the responses of loudspeak-
ers, in order to remain as close as possible to the signals
heard and judged by listeners. Instead of measuring sepa-
rately the frequency response, the directivity, and the nonlin-
ear characteristics of the loudspeakers in the room, we con-
sidered a measurement involving a combination of these
effects. Once the link with perception is established, separate
measurements might be considered. Our approach followed
the trend encountered in the literature, which showed that
taking into account listening conditions helped to bridge the
gap between measurement and perception. The listening con-
ditions were then directly recorded.

This paper first presents 13 ways of calculating the
acoustical dissimilarity between two signals. Our acoustical
measurements of loudspeakers are then detailed. They are

used to compare the different techniques of acoustical dis-
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crimination. The acoustical dissimilarities are finally com-
pared to the perceptual dissimilarities resulting from the lis-
tening tests. The multidimensional analysis of the measured
dissimilarities is not considered here. It will be described in
detail in a following paper.

II. ACOUSTICAL DISSIMILARITIES

A. Definitions

Thirteen evaluations of the acoustical dissimilarity be-
tween two signals were defined. Different methods of signal
analysis were assessed. The temporal, spectral, and time-
frequency domains were investigated. Two spectral weight-
ings were tested. Different auditory models were also used.
For each method of analysis, we defined a metric evaluating
the acoustical dissimilarity between two signals. The differ-
ent types of acoustical dissimilarities are presented in Table
I.

Except for the analyses involving auditory models, the
acoustical dissimilarities were all quadratic regarding the
compared variables. The corresponding metrics were all de-
fined in the same way in order to focus on the methods of
analysis. Research is still ongoing testing other types of met-
rics. Each metric was defined to evaluate a global acoustical
dissimilarity between two signals, giving a single value from
the differences between the analyses of these two signals. To
get a single scalar, dissimilarities calculated at each sample
period or each frequency were integrated. As we could not
suppose that one sample period or frequency region was
more important than another, this integration was realized by
an arithmetic mean, giving the same weight to all dissimi-
larities.

1. Time, spectral, and time-frequency domains

The spectral domain was investigated using the discrete
Fourier transform �DFT� of the signals �b and d� and their
power spectral density �PSD� �f, g, and h�. The calculation of
the power spectral density involved successive windows of
8192 samples with nonoverlapping Hanning windows. We

TABLE I. Definition of the acoustical dissimilarities �� �t,f ,b: arithmetic mean
minimum value, Max� 	: maximum value, DFT: discrete Fourier transform, S
power spectral density, Denso: overall specific loudness, Dens: time-varying

Method of analysis

�a� Time signal
�b� Spectrum �complex�
�c� Time-frequency transform
�d� Modulus of spectrum
�e� Modulus of time-frequency transform
�f� Power spectral density �PSD�
�g� A weighted PSD

�h� 70 phone contour weighted PSD

�i� Overall specific loudness
�j� Time-varying specific loudness 1
�k� Temporal mean of time-varying specific loudness 1
�l� Time-varying specific loudness 2
�m� Temporal mean of time-varying specific loudness 2
checked that the dissimilarities obtained were largely inde-
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pendent of the frequency resolution used for the computa-
tion. The time-frequency plane was obtained by calculation
of the short-time Fourier transform �STFT� of the signals �c
and e�. It involved successive windows of 1024 samples,
with overlapping Hanning windows.

We considered the spectral and time-frequency domains
with �b and c� and without �d, e, f� phase information. When
phase information was kept, and also in the time domain �a�,
a potential phase inversion between the two compared sig-
nals x and y was taken into account by considering y and −y.

2. Spectral weightings

Spectral weightings were applied to the power spectral
density of our signals, to model the ear sensitivity. They were
the A weighting �g� and a weighting based on the normal
equal-loudness contour32 at 70 phones �h�, which is close to
the sound level used during our listening tests.

3. Auditory models

Auditory models are sometimes considered as percep-
tual analyses, because they were built using human percep-
tion. However, they are considered here as signal represen-
tations, because they are used like any other signal analysis
technique, without any listener being involved. The only dis-
similarities considered as perceptual will be those directly
resulting from the listening tests.

Two auditory models were involved in our evaluations
of acoustical dissimilarity. These models were proposed by
Zwicker and Fastl33 to calculate loudness, and are based on
auditory masking. They were used to analyze our signals in
terms of specific loudness which is the density of loudness
along the Bark scale, which models the perceptual frequency
scale. The first model34,35 was originally designed to evaluate
the loudness of stationary sounds. It takes into account only
frequency masking, and was used to calculate what we called
the overall specific loudness of our signals, which is the spe-
cific loudness determined over the entire signal taken at
once. The second model was designed for nonstationary
sounds.33,36 It takes into account both frequency and tempo-

time t, frequency f , or Bark scale b, ��: modulus of a complex value, Min� 	:
short-time Fourier transform, PSD: power spectral density, PSDw: weighted
ific loudness, Densm: temporal mean of time-varying specific loudness�.

Acoustical dissimilarity between signals x�t� and y�t�

Min���x�t�−y�t��2�t, ��x�t�+y�t��2��t	
Min���DFT�x�−DFT�y��2� f, ��DFT�x�+DFT�y��2� f	

Min����STFT�x�−STFT�y��2� f�t, ���STFT�x�+STFT�y��2� f�t	
���DFT�x� �−�DFT�y� � �2� f

����STFT�x� �−�STFT�y� � �2� f�t

��
PSD�x�−
PSD�y��2� f

��
PSDW�x�−
PSDW�y��2� f

��
PSDW�x�−
PSDW�y��2� f

�Max�Denso�x� ,Denso�y�	 /Min�Denso�x� ,Denso�y�	−1�b

��Max�Dens�x� ,Dens�y�	 /Min�Dens�x� ,Dens�y�	−1�b�t

�Max�Densm�x� ,Densm�y�	 /Min�Densm�x� ,Densm�y�	−1�b

��Max�Dens�x� ,Dens�y�	 /Min�Dens�x� ,Dens�y�	−1�b�t

�Max�Densm�x� ,Densm�y�	 /Min�Densm�x� ,Densm�y�	−1�b
over
TFT:
spec
ral masking, calculating specific loudness every 10 ms. Two
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time-frequency patterns of specific loudness were examined
for our signals. The first one was obtained by applying the
first previous model to successive 100 ms sections of the
signals. We called the resulting analysis time-varying spe-
cific loudness 1 �j�. For the second pattern, the second audi-
tory model was applied. We called the resulting analysis
time-varying specific loudness 2 �l�. Finally, the temporal
means of time-varying specific loudnesses 1 �k� and 2 �m�
were considered. Compared to overall specific loudness, they
took into account the fact that auditory masking depends on
the spectral content of signals, and that this content varied
over time for nonstationary musical signals.

Two loudnesses have to be compared by their ratio and
not by their difference.33 Thus, acoustical dissimilarities be-
tween two signals were computed by taking the ratio of their
specific loudnesses �Table I�. We took care of always divid-
ing the largest value by the smallest one, as we would have
taken the absolute value for a difference. Before calculating
ratios, a threshold was introduced in order to avoid artifi-
cially high dissimilarities where there was no useful signal
but noise. The threshold was arbitrarily chosen at
0.03 sone /Bark. We also subtracted one from each ratio to
make sure that two identical values of specific loudness
would lead to a dissimilarity equal to zero. Integrations of
ratios over time and Bark scales were done by taking the
arithmetic mean of the dissimilarities over these two scales.
Figure 1 illustrates our calculation of the dissimilarity be-
tween two specific loudnesses, taking the example of the
overall specific loudness.

The definition of a metric from the output of the audi-
tory models involved the estimation of a single scalar to
quantify the difference between two signals. For the station-
ary analysis �i�, the comparison data were straightforwardly
integrated over the Bark scale. For the time-varying analy-
ses, a temporal integration had to be performed. The auditory
masking effects depend on the spectral content of the ana-
lyzed signals, and this content may vary over time. The met-
ric may thus vary significantly when changing the order of
the integrations. We tested the two possible orders. The two
methods involving the time-varying specific loudnesses
therefore differed only by the fact that the temporal integra-
tion was done as the first step for the temporal means of
time-varying specific loudness �k� and �m�, and as the last
step for time-varying specific loudnesses �j� and �l�. The
combination of the two auditory models and two methods
thus led to four different metrics, in addition to the stationary
one.

B. Loudness equalization

Before computing the acoustical dissimilarities, signals
had to be equalized in level, to prevent any sound level dif-
ference from creating an artificial dissimilarity between
them. In the same way, any loudness differences during the
listening tests would create uninteresting perceptual dissimi-
larities potentially masking more subtle ones.8 Before the
listening tests and the acoustical analyses, the overall loud-

ness of our signals was set to 70 phons. This equalization
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was realized subjectively by the experimenters, and verified
by computing the overall loudness of the equalized stimuli
using a loudness estimation model.33,36

C. Synchronization

In the same way as loudness was equalized to avoid
uninteresting dissimilarities, our signals had to be synchro-
nized. Time delays of a few sample periods between signals,
although being crucial for the acoustical analyses, are not
perceived during listening tests. Acoustical analyses should
copy this behavior, and signals thus had to be synchronized
in order to eliminate this irrelevant information. The evalua-
tion of the time delay between two signals was not trivial.
Our signals were not identical signals simply delayed in
time: the musical stimuli used for the recording were filtered
by the different loudspeakers and the room before being re-
corded by the microphones. The evaluation of the time delay
between two signals depended on the frequency range con-
sidered, and so on the frequency responses of the loudspeak-
ers involved. The reverberation and the first reflections re-
corded in the room further complicated the task.

Three methods evaluating the time delay between two

FIG. 1. Calculation of the acoustical dissimilarity between two overall spe-
cific loudnesses A and B.
signals were tested. The first one evaluated the pure delay
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contained in the transfer function between the two signals.37

The minimum phase component of this transfer function was
extracted by considering its complex cepstrum.38 The time
delay between the signals was estimated by a linear regres-
sion on the phase excess. The frequency range considered for
this regression was restricted to the range containing useful
signal, i.e., to the range for which the coherence between the
signals was close to unity.37 Even when the criterion of high
coherence was verified, the time delays obtained by this
method appeared to be very dependent on the frequency
range considered, and the method was abandoned. The sec-
ond method estimated the time delay between two signals by
maximizing their cross-correlation function.37 The third
method consisted of minimizing their dissimilarity in the
time domain �a, Table I�. This dissimilarity is minimum for
synchronized signals. Computing the dissimilarity for the
first signal and delayed versions of the second signal allowed
identifying the delay minimizing the dissimilarity, and com-
pensating for this delay, thus synchronizing the two signals.
The delay applied to the second signal was varied by steps of
one sample period, testing positive and negative values of
delay. Any potential phase inversion between the two signals
was taken into account in the definition of the metric.

None of the tested methods allowed a perfect global
synchronization of all our signals at the same time. We found
some incoherent results such as the delay A-C between sig-
nals A and C being different from the sum of the delays A-B
and B-C. The observed differences were limited to a few
sample periods for the last two methods mentioned above.
We could have chosen one signal as a reference, and syn-
chronized all the signals with this unique reference, but then
the signals might not have been perfectly synchronized with
all the others signals. So, we chose to synchronize the signals
taking them by pairs. The time delay between two signals
was determined within one sample period by minimizing
their dissimilarity in the time domain for each pair of signals,
independently of the other pairs. Acoustical dissimilarities
were then evaluated within each synchronized pair.

III. ACOUSTICAL MEASUREMENTS

The acoustical dissimilarities presented in the section
above were tested on acoustical measurements of loudspeak-
ers. These measurements consisted of recording the sound
radiated by loudspeakers in a room, using different short
musical excerpts. As the spatial component of sound repro-
duction could not be reliably investigated with our protocol,
the loudspeakers were used in monophonic reproduction.
“Timbre-related accuracy is much more easily heard in

18

TABLE II. Reverberation time �RT� measured by third-octave bands in the
of the third-octave band.

f�Hz� 200 250 315 400 500 630 800

RT�s� 0.78 0.80 0.62 0.58 0.49 0.36 0.49
single-loudspeaker listening.”
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A. Loudspeakers

Twelve single loudspeakers were measured. We tried to
use a wide range of models coming from different manufac-
tures: high-fidelity column or bookshelves, studio monitor-
ing, and computer monitoring. To get a reference for com-
parison, two loudspeakers of the same model were measured.

B. Room

The room used for the measurements was 8.7 m long,
4.5 m wide, and 2.9 m high. The recording microphones and
the loudspeaker were placed along the median axis of the
room, with the loudspeaker at 1.5 m from the 4.5 m wall and
the microphones at 2.20 m in front of the loudspeaker.39 The
microphones were at 1 m from the floor and the point be-
tween the medium and tweeter of the loudspeakers was ap-
proximately at this same height. The floor was entirely car-
peted. The reverberation time was evaluated at the position
of the recording microphones, with the source at the loud-
speaker position. The measurement microphone was omnidi-
rectional and the source was a Genelec 1031A loudspeaker
reproducing pink noise. The reverberation time was evalu-
ated by measuring the time required for the sound level to
decrease by 60 dB after the offset of the noise. The measured
signals were filtered by third-octave bands and the reverbera-
tion time was evaluated for each band individually �Table II�.
Its value was found around 0.5 s at midrange frequencies,
satisfying standard requirements.17,19

C. Signals

Three musical excerpts were used for the recordings and
we only kept a short part of them for the computation of the
acoustical dissimilarities: �1� McCoy Tyner �“Miss Bea”,
right channel, jazz, 3.3 s�, �2� Kan’nida �“Konsyans”, left
channel, percussion, 1.7 s�, and �3� Vivaldi �“L’Europa Gal-
ante”, left channel, symphonic orchestra, 4.7 s�. Such short
excerpts were also suitable for the evaluation of perceptual
dissimilarities between loudspeakers.40–42

D. Procedure

Several recording techniques were tested and three were
submitted to listeners: the stereophonic AB ORTF, stereo-
phonic MS, and monophonic omnidirectional techniques.39

These three types of recordings were chosen for their differ-
ences among the available recordings. The binaural tech-
nique using an artificial head was tested, but it did not allow
a better externalization of our recordings involving frontal
monophonic loudspeakers. In order to externalize frontal
sources, individualized head related transfer functions
�HRTFs� should be used as well as a head tracker to follow

ing room used for the recordings, as a function of the central frequency �f�

00 1250 1600 2000 2500 3150 4000 5000

46 0.53 0.68 0.55 0.45 0.49 0.59 0.54
listen

10

0.
head movements. As our goal was to propose a sufficiently
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easy way to compare loudspeakers, this technique was aban-
doned. As our study was focused on the timbre-related accu-
racy of the sound reproduction rather than its spatial compo-
nent, the use of binaural techniques seemed less critical. The
dissimilarity results from the three recording techniques sub-
mitted to listeners were very similar, so that the other tech-
niques were not involved in listening tests, and only the re-
sults from the ORTF technique �arbitrarily chosen� are
presented here. This technique involved two cardioid micro-
phones placed 17 cm and 110° apart from each other �AKG
Blue Line CK-91, SE-300B, preamplifier Tascam MX-4�.

The musical excerpts were stored on a compact disk and
reproduced on the loudspeakers by a high-grade CD player
and amplifier �Vecteur I-4.2, Vecteur L-3.2, Behringer Ul-
tralink Pro MX882 as a preamplifier for the studio monitor-
ing loudspeakers�. The recordings were carried out directly
with an audio workstation featuring a RME DIGI9652 sound
card and an external Fostex VC-8 analog to digital �A/D�
converter. The sampling frequency was 44 100 Hz. During
the recordings, reproduction levels were roughly adjusted to
normal listening conditions. A more accurate loudness equal-
ization was undertaken prior to the acoustical analyses and
listening tests �see Sec. II B�.

IV. COMPARISON OF ACOUSTICAL DISSIMILARITIES

The 13 types of acoustical dissimilarities �Table I� were
computed on the recordings presented above. The right and
left channels of these stereophonic recordings were analyzed
separately. For each musical excerpt and each channel, we
determined the acoustical dissimilarities among the 12 re-
cordings corresponding to the 12 measured loudspeakers,
leading to 13 66-dissimilarity vectors. The different acousti-
cal dissimilarities were compared by evaluating the coeffi-
cient of correlation between these dissimilarity vectors.

A. Results

Figure 2 presents the coefficients of correlation between
the acoustical dissimilarities calculated on the right and left
channels of the recordings, for the three musical excerpts
tested. The significant correlations are indicated in bold and
marked with an asterisk. The individual significance level
was fixed at 0.0005, following the conservative Bonferroni
correction,43 in order to keep the family wise significance
level below 0.05 for the 78 tests of correlation realized on
each recording channel. The right and left channels of the
stereophonic recordings did not lead to exactly the same re-
sults, but the correlations followed the same trend with both
channels. A perfect correlation was observed between the
dissimilarities calculated in the time, spectral, and time-
frequency domains ��a�, �b� and �c�; or �d�, �e� and �f��,
whereas weak or no correlations were obtained when com-
paring these domains with or without phase information ��a�,
�b�, �c� and �d�, �e�, �f��. The dissimilarities using phase in-
formation were not correlated with any of the other types of
dissimilarity for the excerpt McCoy Tyner. The dissimilari-
ties based on the two spectral weightings �g� and �h� were
almost perfectly correlated. They were strongly correlated

with the dissimilarities involving the spectral and time-
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frequency domains without weightings nor phase informa-
tion ��d�, �e�, and �f�� for the excerpt Vivaldi, but not for the
two others musical excerpts. The dissimilarities based on the
different specific loudnesses were strongly correlated ��i�, �j�,
�k�, �l� and �m��.

B. Discussion

The comparison of the acoustical dissimilarities showed
that some dissimilarity evaluations were identical, but also
that there were large differences among the tested methods,
leading to identified classes of measurements.

It confirmed that the time, spectral, and time-frequency
domains contained the same information. As our metrics
were all defined in the same way from these different
representations—quadratic regarding the compared variables
�Table I�—they led to perfectly correlated dissimilarities.
Conversely, taking into account or discarding phase informa-
tion led to large differences in the discrimination of signals.
Again, the calculations based on the power spectral density
of signals led to the same results as the calculations based on
the modulus of their spectrum or time-frequency transform:
these are three representations of the same information. The
A weighting and the weighting based on the normal equal-
loudness contour at 70 phones gave almost identical results.
For the excerpt Vivaldi, taking these weightings into account
did not seem to change the information contained in the dis-
similarities with no weighting. The different metrics using
auditory models led to dissimilarities close to each others,
but not identical, indicating that they might not contain ex-
actly the same information.

The comparison of the acoustical dissimilarities showed
that different types of dissimilarity contained different infor-
mation, but did not show which one, if any, contained rel-
evant information regarding perception. The acoustical dis-
similarities were then compared to perceptual ones, in order
to determine the analyses and metrics showing the differ-
ences heard by listeners.

V. RELEVANCE OF ACOUSTICAL DISSIMILARITIES
REGARDING PERCEPTION

A. Perceptual dissimilarities

1. Procedure

The perceptual dissimilarities between the recordings
were gathered during three listening tests, one for each mu-
sical excerpt. These tests were paired comparisons. For each
test, the 12 recordings were presented by pairs to the listener
in random order. The listener had to quantify the overall
dissimilarity within each pair by adjusting a cursor on a line
whose end points were labeled “very similar” and “very dis-
similar,” this line being displayed on a computer terminal
screen in front of the listener. A numerical value was linearly
assigned to the position of the cursor. The resulting percep-
tual dissimilarity varied from 0 for “very similar” to 1 for
“very dissimilar.” This evaluation of the perceptual dissimi-
larities between the recordings was completely similar to the
evaluation of their acoustical dissimilarities presented above.

Before the listening tests, the overall loudness of the

recordings was set to 70 phons. This prevented loudness

Lavandier et al.: Comparative measurements of loudspeakers



from creating uninteresting dissimilarities, potentially mask-
ing more subtle ones. Listening tests were run in an isolated
soundproof room, using a Tucker&Davis workstation and
Stax SR Lambda Professional headphones.

2. Participants

Twenty seven listeners �12 women, 15 men� took part in
the experiment, each of them participating in the three listen-
ing tests in random order. They were between 14 and 53
years old, with an average age of 30. They were all otologi-
cally normal. They were members of the laboratory or stu-
dents. None of them had significant previous experience in
loudspeaker comparison.

3. Results

For each test, the final perceptual dissimilarities were
obtained by averaging individual dissimilarities. Individual

dissimilarities were not scaled before the averaging, but it
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was verified that there was no group with different judge-
ment strategies among the listeners. This verification was
realized by a cluster analysis of the similarities between lis-
teners, with the similarity between two listeners being evalu-
ated by the correlation of their judgments.44 Multidimen-
sional analyses of the perceptual dissimilarities are not
presented here, as the topic of this paper is to evaluate the
relevance of the acoustical dissimilarities regarding percep-
tion. Perceptual dissimilarities are used here as a reference
for this evaluation.

Figure 3 presents the perceptual dissimilarities measured
for the 66 pairs of recordings and the three musical excerpts.
These dissimilarities ranged from 0.22 to 0.83 �McCoy
Tyner�, 0.13 to 0.90 �Kan’nida�, and 0.21 to 0.84 �Vivaldi�,
indicating that the recordings of the chosen loudspeakers and
musical excerpts led to a broad range of dissimilarities. This
was further verified for each listening test by comparing the

FIG. 2. Correlations between the
acoustical dissimilarities calculated on
the right and left channels of the re-
cordings, for the three musical ex-
cerpts �McCoy Tyner, Kan’nida,
Vivaldi�: �a� time signal; �b� spectrum;
�c� time-frequency transform; �d�
modulus of spectrum; �e� modulus of
time-frequency transform; �f� power
spectral density �PSD�; �g� A weighted
PSD; �h� 70 phone contour weighted
PSD; �i� overall specific loudness; �j�
time-varying specific loudness 1; �k�
temporal mean of time-varying spe-
cific loudness 1; �l� time-varying spe-
cific loudness 2; and �m� temporal
mean of time-varying specific loud-
ness 2. The significant correlation co-
efficients are in bold, marked with an
asterisk.
different values of dissimilarity. Paired-sample t tests were
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used to investigate the significance of the differences be-
tween these values. The individual significance level of each
t test was fixed at 0.00002, following the Bonferroni correc-
tion, in order to keep the family wise significance level be-
low 0.05 for the 2145 comparisons realized for each musical
excerpt. These statistical analyses confirmed that 621 dis-
similarities were significantly different for the excerpt
McCoy Tyner. The number of significantly different dissimi-
larities was 876 for the excerpt Kan’nida and 672 for the
excerpt Vivaldi.

B. Correlation between acoustical and perceptual
dissimilarities

For each musical excerpt, the perceptual dissimilarities
averaged over all listeners resulted in a 66-dissimilarity vec-
tor. This vector was used as a reference to assess the rel-
evance of the acoustical discrimination methods regarding
perception. This assessment was realized by evaluating the
coefficient of correlation between the acoustical and percep-

tual dissimilarity vectors. Although the absolute values of
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these correlations might be contaminated by noise and non-
linearities, the values obtained with the different acoustical
methods could be compared to determine which acoustical
dissimilarities were the closest to the judgements of listeners.

1. Results

Figure 4 presents the coefficients of correlation between
the mean perceptual dissimilarities resulting from the listen-
ing tests and the acoustical dissimilarities calculated on the
right and left channels of the recordings using each of the 13
acoustical discrimination methods, for the three musical ex-
cerpts involved. The significant correlations are marked with
an asterisk. The individual significance level was fixed at
0.001, following the Bonferroni correction, in order to keep
the family wise significance level below 0.05 for the 26 tests
of correlation realized for each musical excerpt. The correla-
tions obtained with the acoustical dissimilarities calculated
on the right and left channels of the recordings followed the
same trend. The effects were also similar for the three musi-

FIG. 3. Mean perceptual dissimilari-
ties with standard errors measured for
the 66 pairs of recordings and the
three musical excerpts �McCoy Tyner,
Kan’nida, Vivaldi�.
cal excerpts. Dissimilarities based on the time �a�, spectral
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�b�, and time-frequency �c� domains were never correlated
with perceptual dissimilarities, except for the dissimilarities
calculated on the right channel of the excerpt Vivaldi. When
acoustical dissimilarities were evaluated using the modulus
of the spectrum �d�, the one of the time-frequency transform
�e�, or the power spectral density �f�, the correlations were
significant but weak. The weightings applied to the power
spectral density ��g� and �h�� led to an increase of the corre-
lation for the musical excerpt Kan’nida, but this increase was
not confirmed for the two other excerpts. Using specific
loudnesses to evaluate acoustical dissimilarities greatly en-
hanced the correlation with perceptual dissimilarities ��i�, �j�,
�k�, �l�, and �m��.

2. Discussion

The acoustical discrimination methods which were al-
most perfectly correlated �Fig. 2� gave almost identical re-
sults when compared to perceptual dissimilarities. Discard-
ing phase information improved the correlation with
perceptual dissimilarities, whereas the tested spectral weight-
ings did not seem to offer any further improvement, except
for the excerpt Kan’nida. The high correlations obtained with

FIG. 4. Correlations between the mean perceptual dissimilarities resulting fr
left channels of the recordings, for the three musical excerpts �McCoy Tyner
�d� modulus of spectrum; �e� modulus of time-frequency transform; �f� pow
PSD; �i� overall specific loudness; �j� time-varying specific loudness 1; �k
loudness 2; and �m� temporal mean of time-varying specific loudness 2. Th
the methods involving auditory models showed that the cor-

J. Acoust. Soc. Am., Vol. 123, No. 1, January 2008 L
responding acoustical dissimilarities contained at least part
of the relevant information regarding perception. It should be
noted that perfect correlations would have meant that acous-
tical dissimilarities accounted for the noise in the evaluation
of perceptual dissimilarities, which would be highly undesir-
able. The present data did not discriminate between the dif-
ferent methods using auditory models. Overall and mean
specific loudnesses seemed to contain as much useful infor-
mation towards perception as time-varying specific loud-
nesses. The temporal evolution of information did not seem
to be crucial to explain our perceptual dissimilarities.

VI. GENERAL DISCUSSION

By defining metrics associated with several signal analy-
ses, we calculated acoustical dissimilarities between musical
signals radiated by loudspeakers. These acoustical dissimi-
larities were compared to perceptual dissimilarities resulting
from listening tests, in order to identify the most relevant
method of acoustical discrimination. The correlation between
acoustical and perceptual dissimilarities was used to quantify
the link between the two types of evaluation. This criterion
of correlation was severe, as we could not suppose a priori

e listening tests and the acoustical dissimilarities calculated on the right and
’nida, Vivaldi�: �a� time signal; �b� spectrum; �c� time-frequency transform;
ectral density �PSD�; �g� A weighted PSD; �h� 70 phone contour weighted
poral mean of time-varying specific loudness 1; �l� time-varying specific
ificant correlation coefficients are marked with an asterisk.
om th
, Kan
er sp
� tem
e sign
that a linear link would exist. Yet, the high values of corre-
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lation obtained revealed that such a link was established for
the cases tested. The acoustical dissimilarities based on au-
ditory models were close to the perceptual ones and con-
tained at least part of the relevant information regarding per-
ception. They were closer to the perceptual dissimilarities
than to the other acoustical dissimilarities tested, bridging to
some extent the gap between acoustical measurements and
perception.

Other signal analyses and metrics should be tested to
refine these results. For example, the acoustical dissimilari-
ties considered in this study only used monaural information,
as the left and right channels of the recordings were treated
separately. The potential phase differences between the two
ears/microphones were not incorporated in the dissimilarity
evaluation. Such differences might be important to take into
account if perceptual dimensions such as “feeling of
space”3,4 or “spaciousness”5 were used by listeners to dis-
criminate the recordings.

The contribution of auditory models was quantified by
an increment in correlation, so we went a little further than
Staffeldt,2,10,45 who justified the use of such a model by vi-
sual comparisons between the results of his listening tests
and the shape of the frequency responses of his loudspeakers.
Bramsløw5 and Klippel4 based their acoustical evaluation of
sound reproduction on the specific loudness of their signals.
They chose this method of analysis a priori, by assuming that
it would lead to better results than other analyses. They ob-
tained good results, but did not perform actual comparisons
with other methods of analysis to test their hypothesis.

The correlation between acoustical and perceptual dis-
similarities led to the same trends with three different musi-
cal excerpts. They remained relatively independent of the
experimental parameters tested in following experiments
considering other recording techniques,39 another room, up
to 37 loudspeakers, and another listening task.46

Other comparisons of acoustical and perceptual dissimi-
larities should be investigated. A linear link has been found
by evaluating their correlation, but this relationship might be
refined. A multidimensional comparison of our acoustical
and perceptual dissimilarities was therefore performed,39,47

and will be fully described in a following paper. It allowed a
comparison without an implicit linear relationship, but it
only relied on visual comparisons of multidimensional
spaces, without quantitative evaluation of their resemblance
to one another. This comparison indicated that our acoustical
analyses using specific loudnesses led to dimensions very
similar to the perceptual ones used by listeners to discrimi-
nate our recordings during the listening tests.

Whereas specific loudnesses 1 and 2 and their temporal
mean gave similar results, the overall specific loudness did
not seem sufficient to fully describe the perceptual
dissimilarities.39 This difference between specific loudnesses
determined on the overall signal or as a function of time
could not be quantified by the correlations presented in this
paper �Fig. 4�. Klippel4 and Staffeldt2 only considered over-
all specific loudness, while Bramsløw5 only used a time-
varying specific loudness. More experimental data are re-
quired to make a clear difference between these acoustical

evaluations. This question is of great importance to assess
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the necessity of taking into account the temporal dependency
of auditory masking effects. When Staffeldt2,10,45 applied an
auditory model directly on the frequency response of loud-
speakers to evaluate their sound reproduction, he did not take
into account the fact that loudspeakers reproduce nonstation-
ary musical signals, and that the temporal evolution of these
signals might influence the perception of listeners. If the im-
portance of taking into account these nonstationary effects is
confirmed in the future, the evaluation of loudspeakers by
direct examination of their frequency response might be
questioned.

VII. CONCLUSION

Different ways of evaluating the acoustical dissimilarity
between loudspeakers were compared. Twelve single loud-
speakers were measured in a listening situation. The correla-
tion between the comparative measurements led to identified
classes of measurements. The recorded signals were involved
in listening tests, providing a perceptual metric used to
evaluate the relevance of the acoustical discrimination meth-
ods regarding perception. Our first results showed the impor-
tance of using auditory models in order to discriminate the
loudspeakers in the same way as listeners did.
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