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Summary
In order to examine the perceptual dimensions used by listeners to differentiate sounds, dissimilarity judgments
are analyzed with a multidimensional scaling technique. The paired comparison method is often recommended
as the standard method for collecting judgments of dissimilarity between audio stimuli. An alternative method is
presented here. On each trial, listeners are asked to select which stimulus among three stimuli is the most similar
to a reference stimulus. The method was tested wuth simulations and an actual listening test. Across trials, every
stimulus was used in turn as the reference stimulus. The analysis of simulated data indicated that, the number
of stimuli did not influence the estimation of dissimilarity, and that 20 simulated listeners were sufficient for
recovering continuous dissimilarity values. The listening test conducted to evaluate the musical restitution by 12
loudspeakers led to two perceptual dimensions similar to those obtained in a paired comparison experiment.

PACS no. 43.66.Lj

1. Introduction

The goal of many studies on sound dissimilarity is to deter-
mine the perceptual dimensions used by listeners to differ-
entiate the stimuli. These dimensions are often estimated
based on the method of multidimensional scaling (MDS),
which yields the estimated dissimilarity between the stim-
uli in a multidimensional space.

The paired comparison (PC) method is often considered
as the method of choice for the study of sound dissimilarity
[1, 2]. Accordingly, listeners evaluate the overall dissimi-
larity between paired stimuli, for example by giving an es-
timate on a scale ranging from “very similar” to “very dis-
similar”. An individual dissimilarity matrix is filled with
listeners estimates. The individual dissimilarity matrices
or their average can be analyzed with the MDS technique.
The PC method has been used in several experiments, gen-
erally to evaluate the underlying dimensions of different
perceptual attributes of sound sets (e.g. musical timbre [3],
sound reproducing systems [4, 5], radiating bars and plates
[6, 7, 8, 9] and cochlear implants [10]).
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A drawback of the paired comparison method is the
number of trials which increases with the number of stim-
uli. Because of this limitation, several previous studies in-
vestigated alternatives to the paired comparison method
[11, 12, 13, 14, 15]. Many of the alternative methods are
based on an indirect estimation of dissimilarity. They can
be classified in three categories based on the task carried
out by participants: sorting, ranking or picking task.

The most commonly used alternative method to paired
comparison is free sorting [15, 16]. Accordingly, partic-
ipants are instructed to create groups of similar stimuli.
The hierarchical sorting method is an alternative sorting
method. On each step of this procedure, participants merge
stimuli or groups of stimuli until all of the stimuli are
merged in one group. The hierarchical sorting can start
from the condition where each stimulus is in a separate
group (complete hierarchical sort), from the groups re-
sulting from a free sorting step [11], or from the groups
resulting from a constrained sorting step where the num-
ber of groups of stimuli is decided by the experimenter
(truncated hierarchical sorting [15]).

Another type of method is the conditional ranking
method, which consists in ranking the stimuli from the
most similar to the least similar compared to a reference
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stimulus. Each stimulus in turn serves as the reference
[11, 13].

The method of triadic combinations belongs to the pick-
ing task category. On each trial three stimuli are presented
and participants are asked to pick the two most similar and
the two most dissimilar stimuli within the triad [17]. A
different picking task is called pick any k/n and consists
in choosing those k stimuli among the presented n stimuli
that are more similar to a given reference [11]. Similarly to
the conditional ranking method, each stimulus is, in turn,
considered as the reference.

Sorting and ranking methods have been adopted in a
number of previous auditory perception experiments. For
example, the free sorting task was employed and com-
pared to the PC method by Bonebright [16], Parizet and
Koehl [18], Giordano et al. [15]. The hierarchical sorting
task was also tested by Giordano et al. [15] and the triadic
combination method was used by Novello et al. [19] in a
musical similarity experiment.

To our knowledge, the pick any method presented by
Rao and Katz [11] and Bijmolt and Wedel [14] has never
been applied and studied for the evaluation of sounds.
Moreover, it has never been compared to the standard
paired comparison method. The only practical example
that we found in the literature of an application of such
method is a visual experiment conducted by Rogowitz et
al. [20]. They ran an experiment using the pick any k/n
method with the parameters k = 1 and n = 8. The term
“pick any k/n” does not denote two key aspects of this
method: the forced choice similarity picking task and the
comparison of the presented stimuli to a reference, with
each stimulus used in turn as the reference. For these rea-
sons, in the following we term this method “Similarity
Picking with Permutation of References” (SPPR).

The aim of this paper is to present the SPPR method
as an alternative method for the evaluation of sound dis-
similarity. The first part of this paper details the proposed
method and its adaptation to listening tests. The second
part is dedicated to the exploration of the method by sim-
ulating the judgments of listeners. The simulation princi-
ple and the resulting information concerning the effects of
the number of stimuli and the number of listeners on the
estimation of dissimilarity are presented. The last part of
this paper details the comparison between the results of
two listening tests involving the PC method and the SPPR
method on the same set of 12 musical excerpts. The spe-
cific features of the SPPR method are discussed.

2. Presentation of the method

The data collection process proposed here is based on the
method presented by Rao and Katz [11]. It was employed
in the experiment conducted by Rogowitz et al. [20] to
quantify with an MDS analysis the dimensions underlying
the perceived dissimilarity of images. This last study was
used here as a practical example to design a listening test
based on the same method. On each trial of their experi-
ment, 9 stimuli were selected randomly from a set of 97

and presented to the participant. One of these nine images
was treated as a reference stimulus and the participant had
to choose which of the eight remaining comparison im-
ages appeared most similar to this reference. The experi-
ment corresponds to a pick 1/8 task for each trial. Every
image was used once as the reference and compared to
the 96 other images randomly distributed into groups of 8
images without replacement. For a total of 97 stimuli, 12
presentations of 8 images were made for each reference.
The entire test appears to be incomplete since every com-
bination to draw 8 out of 96 images for each reference are
not presented. This incomplete design seems convenient
to reduce the number of trials to be evaluated by each par-
ticipant. Based on the incomplete pick 1/p experiment de-
sign (p corresponding to the number of comparison stimuli
on each trial), the method was adapted to auditory stimuli
evaluation.

2.1. Test design for auditory stimuli evaluation

When adapting this method to the evaluation of auditory
stimuli, some precautions should be taken. In the exper-
iment designed by Rogowitz et al. [20], the participants
could directly see the reference image along with the eight
images to be compared. Comparison and reference stim-
uli could be compared simultaneously. Sounds cannot be
compared simultaneously: the stimuli are therefore pre-
sented sequentially and participants have to rely more ex-
tensively on mnemonic resources in order to carry out the
comparison. For example, listeners hear the reference first
and then a set of other sounds to be compared to the refer-
ence, one after another. The strain on mnemonic resources
is particularly daunting when relatively long sounds are
involved (e.g., musical excerpts). Thus, it seemed manda-
tory to reduce the number of stimuli used in each trial, in
order to adapt the comparison task from visual to auditory
evaluation and to reduce the duration of each trial.

When evaluating a set of n sounds, each reference is
compared to the other (n − 1) comparison sounds. Those
(n−1) sounds are randomly distributed in (n−1)/p groups
without replacement where p corresponds to the number of
comparison sounds evaluated during a trial. Each sound is
used as the reference, leading to an entire test of n(n−1)/p
trials. The number p has to be carefully chosen in order to
have the best compromise between the number of sounds
to be compared during one trial and the total number of
trials for the entire test.

Table I presents the influence of the chosen number p
on the number of trials needed for each reference and on
the total number of trials, for the evaluation of a set of 40
stimuli. As a comparison, the evaluation of 40 stimuli with
the PC method leads to an entire test of 780 trials. Table I
shows that the number of trials rapidly decreases with the
number of comparison stimuli p presented on each trial.

In order to adapt the task from a visual to an auditory
evaluation, we chose to compare each reference sound to
three comparison sounds (p = 3). Three comparison stim-
uli seemed to be the best compromise between the feasi-
bility of the task for each trial and the total duration of
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Table I. Number of trials presented for each reference, (n− 1)/p,
and number of trials in the entire test, n(n − 1)/p, as a function
of the number of comparison stimuli p presented during one trial
for a set of 40 stimuli.

p (n − 1)/p n(n − 1)/p

2 19 780
3 13 520
4 9 360
5 7 280
6 6 240

Essai

1

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

Reference

stimulus

2

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

n

.
.

.

.
.

.

.
.

.

1

2

3

. .
.

.
.

.

.
.

.

.
.

.

. .
.

Essai

1

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

Reference

stimulus

2

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

n

.
.

.

.
.

.

.
.

.

1

2

3

. .
.

.
.

.

.
.

.

.
.

.

. .
.

Essai

1

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

Stimuli de comparaison
Reference

stimulus

2

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

n

.
.

.

.
.

.

.
.

.

1

2

3

. .
.

.
.

.

.
.

.

.
.

.

. .
.

Number of

stimuli

Number of

listeners

.
.

.

.
.

.

.
.

.

. .
.

Trial

1

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

Comparison stimuli
Reference

stimulus

2

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

n

.
.

.

.
.

.

.
.

.

1

2

3

(n-1)/3

. .
.

Figure 1. Design of an experiment involving the method of simi-
larity picking with permutation of references. Each rectangle rep-
resents a sound. The comparison sounds presented with each ref-
erence are randomly distributed in triplets for each reference.

the entire test. The design of the SPPR method with 3
comparison sounds is presented in Figure 1. For each ref-
erence, the (n − 1) remaining stimuli are randomly dis-
tributed in (n− 1)/3 triplets without replacement. This in-
complete design of the SPPR method involves the evalua-
tion of every stimulus as a reference, leading to an entire
test of n(n − 1)/3 trials. Note that conducting a complete
test would involve the evaluation of every possible triplets
compared to each reference and would lead to a very de-
manding experiment.

The dissimilarity evaluation is based on a forced choice
task on each trial and does not imply any direct dissimilar-
ity estimation. The participants have to choose which of
the three comparison stimuli seems the most similar to the
reference stimulus.

2.2. Accessing an average dissimilarity matrix

As was done by Rogowitz et al. [20], each individual ma-
trix is first initialized to one and each diagonal is set to zero
since the dissimilarity value between two identical stim-
uli is assumed to be null. The matrix is then modified de-
pending on the listener judgments. During the experiment,
when a stimulus j is judged within the triplet of compari-
son stimuli as the most similar to the reference i, the ij-th
element of the individual matrix dij is decremented by one.

Judgments reported in each individual matrix may dif-
fer depending on whether i or j is presented as the refer-
ence. As a matter of fact, a pair (i, j) may appear in three
kinds of presentation. Either i and j are comparison stim-
uli (not the reference) and play a similar role, or one is
the reference stimulus and the other is one of the compar-
ison stimuli, or the opposite. These last two cases could
lead to asymmetries in the dissimilarity matrix since the
choice of the comparison sound which is the most simi-
lar to the reference depends on the two other comparison
sounds presented in the triplet. For example, an asymmet-
ric result could occur when j is judged similar to the refer-
ence i in a trial, whereas i is not chosen as the most similar
to the reference j in another trial. This example leads to
different values of the symmetric elements: dij = dji. The
MDS technique employed by Rogowitz et al. [20] requires
a symmetric dissimilarity matrix to analyze the judgments
of participants. Therefore it was proposed to keep the sym-
metric part of the matrix: Dij = (dij + dji)/2. All dis-
similarity matrices appearing in this document have been
processed following the same procedure.

At the end of the experiment and after the symmetriza-
tion step, every individual matrix cell can equal 1 if, for the
pair (i, j), stimulus j is not judged as similar to the refer-
ence stimulus i and reciprocally, 0.5 if stimulus j is judged
the most similar to the reference stimulus i but stimulus i
is not judged the most similar to the reference stimulus j,
and 0 if stimulus j is judged the most similar to the refer-
ence stimulus i and stimulus i is also judged similar to the
reference stimulus j. Since the method consists in evaluat-
ing the (n−1)/3 triplets for each reference stimulus, judg-
ments from each participant lead to a sparse matrix filled
with 0, 0.5 or 1. Moreover, depending on the random dis-
tribution of the triplets for each reference, the test design
differs from a listener to another. As each individual matrix
is partially and differently filled by listeners answers, we
chose to consider only the average of these matrices. This
average matrix is then analyzed using an adequate MDS
technique [11, 20].

3. Simulations

Simulating the judgments of a sample of listeners allows
us to study the suitability of the SPPR method to estimate
dissimilarities, evaluating the influence on the dissimilar-
ity evaluation of the number of stimuli and simulated lis-
teners. More specifically, simulations allow the reliability
of the method and its potential biases to be evaluated.
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Rao and Katz [11] conducted simulations on another
adaptation of the “pick any” method. For a set of n stim-
uli, each trial included one reference and the n − 1 com-
parison stimuli. The number of comparison stimuli to be
picked as the most similar to the reference was set to 4 or
8. The procedure simulated by Rao and Katz [11] is thus
not strictly the same as the procedure we have tested but
the simulation presented in this section is based on a simi-
lar principle.

3.1. Principle

The dissimilarity judgments of the simulated listeners are
computed from pre-determined dissimilarity values. These
known dissimilarities were obtained from distance values,
as follows: a random set of points was created in a space
for which the number of dimensions was arbitrarily fixed
to 3. The space created was randomly filled along the three
dimensions. Then, the distance between each pair of points
was considered as a dissimilarity value, and stored into a
matrix. This resulting matrix was then considered as the
reference, assumed to be the result of an ideal test. In the
rest of the document, this original matrix will be called the
true dissimilarity matrix.

These true dissimilarity values were used during the
simulated trials to decide which of the comparison sounds
would be chosen as most similar to the reference. A, B, C
and D were the four stimuli involved in a simulated trial,
A being the reference, and B, C and D the comparison
stimuli. dAB, dAC and dAD measure the true dissimilarity
between A and B, A and C, A and D, respectively. The
lowest value between dAB, dAC and dAD corresponds to
the highest similarity and indicates which stimulus among
B, C and D would be chosen by the simulated listener as
the most similar to the reference A in this simulated trial.

By simulating the method based on a random spatial
configuration, Rao and Katz [11] were interested in mea-
suring the correlation between the original space and the
estimated space obtained with the MDS analysis of the es-
timated dissimilarity matrix. By simulating the judgments
of listeners, our approach consists in comparing the es-
timated dissimilarity matrix resulting from the simulated
test and the original true dissimilarity matrix, thus allow-
ing the evaluation of the SPPR method. The transforma-
tion of the true dissimilarities into the estimated dissimilar-
ities is the central point of the simulation. Two simulations
were conducted to evaluate the influence of the number of
stimuli and listeners on this transformation.

3.2. Design

3.2.1. Simulation 1: influence of the number of stimuli

Simulation 1 consisted in testing every possible set of three
stimuli which could be compared to each reference during
a complete experiment. The presentation of every possible
triplet is easy to simulate but would be very demanding
for an actual experiment. This simulation gathers the max-
imum of the dissimilarity information to fill the dissim-
ilarity matrix. By presenting every combination of three

out of n−1 stimuli, that is (n−1)!/(3!((n−1)−3)!) com-
binations, the method is able to provide all the available
information about the dissimilarity, as would do a single
listener also evaluating every triplet. We used this simu-
lation to assess the reliability of the method for a number
of stimuli ranging from 10 to 50. In each case, for a fixed
number of stimuli in the test, the correlation between true
and estimated dissimilarities was calculated.

3.2.2. Simulation 2: influence of the number of listen-
ers

Simulation 2 allowed us to simulate listening tests corre-
sponding to more realistic scenarios. As described previ-
ously, one out of n stimuli was used as the reference, and
compared to the other (n−1) stimuli randomly distributed
in the (n−1)/3 triplets. Hence, each listener does not eval-
uate every possible triplets. To simulate a full SPPR test,
several listeners are then needed to obtain an average dis-
similarity matrix. The aim of Simulation 2 was to deter-
mine the number of listeners required to obtain an aver-
age dissimilarity matrix equivalent to the one obtained in
Simulation 1. For this simulation, the number of stimuli
was arbitrarily fixed at 40. Thus, the entire test consisted
of n(n − 1)/3 trials which led to 520 trials for Simula-
tion 2 compared to the 365560 trials needed for Simulation
1 with 40 stimuli. For each reference, the 39 comparison
stimuli were distributed in 13 triplets.

First Simulation 2 was conducted as described. Then,
simulations corresponding to more realistic experiments
were also conducted by adding a random noise to the sim-
ulated listener responses. This investigates the robustness
of the method with simulated listeners giving less-ideal
answers. The listener-specific noise was added to each
trial. In every trial, each of the three true dissimilarity val-
ues was modified by adding a randomly selected indepen-
dent number (different for each dissimilarity value). These
number was drawn from a Gaussian random distribution
centered on the true dissimilarity to be modified. Three dif-
ferent noisy simulations were conducted with three noise
distributions which variance values were set to 0.0016,
0.008 and 0.02. To evaluate the influence of the noise, the
ratio of modified responses over the number of total re-
sponses was measured to get a simple figure of how many
responses had been modified due to the added noise. The
three distributions led to three modification ratios: 10, 20
and 30%.

3.3. Results

To evaluate the suitability of the SPPR method, correla-
tions were calculated between the matrices of true and es-
timated dissimilarities. In order to employ the appropriate
correlation coefficient, the relationship between true and
estimated dissimilarities was evaluated. Figure 2 shows
the estimated dissimilarity data, resulting from Simula-
tion 1 with a number of stimuli arbitrarily set to 40, as
a function of the true dissimilarity data. The histograms
representing the distribution between 0 and 1 of the true
and estimated dissimilarities are presented on the same
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Figure 2. Non-linear relation between true and estimated dissim-
ilarity values obtained with Simulation 1 for 40 stimuli and his-
tograms presenting their distributions between 0 and 1.

figure. These histograms will be described later. The re-
lation between the true and estimated dissimilarity values
is clearly non-linear, and so the linear Pearson coefficient
is not appropriate to evaluate this relation. Therefore, for
both simulations, the Spearman correlation coefficient was
preferred to quantify the link between dissimilarities. This
coefficient offers the advantage of being robust to nonlin-
ear relationships as it deals with the ranks of each element
included in both matrices to evaluate the monotonicity of
their relation (the value of the Spearman correlation corre-
sponds to the Pearson coefficient calculated based on the
ranks of both data sets). Correlations were calculated on
the set of values corresponding to half of each symmetric
matrix without taking into account the diagonal which was
not modified during the test.

3.3.1. Number of stimuli

Considering the results of Simulation 1, the Spearman cor-
relation coefficient was measured for a number of stimuli
varying between 10 and 50. It remained almost constant
with an average value of ρ = 0.96 and a standard devi-
ation of 0.01 (not plotted as the correlation is constant).
Simulation 1 thus shows that the number of stimuli does
not influence significantly the correlation between the true
and estimated dissimilarity matrices when every possible
triplet presented to each reference is simulated. However,
the simulation of the method does not allow the dissimi-
larity values to be recovered completely. This bias will be
discussed later.

3.3.2. Number of listeners

In order to investigate the differences between Simulations
1 and 2, the Spearman correlation coefficient between the
estimated dissimilarity matrices resulting from each sim-
ulation was calculated, as a function of the number of lis-
teners involved in Simulation 2, for 40 stimuli. When the
number of simulated listeners increased, the dissimilarity
value resulting from Simulation 2 converged to the value

obtained in Simulation 1. For a sample size of 20 or more
simulated listeners, the method led to the same informa-
tion that would be obtained if all the possible triplets were
presented for each of the reference stimuli. For 20 simu-
lated listeners, the correlation coefficient between dissimi-
larity matrices resulting from Simulations 1 and 2 already
reached ρ = 0.98 (although the total number of trials is
only 20x520 = 10400, far less than the 365560 trials re-
quired in Simulation 1).

The method of similarity picking with permutation of
references applied to a set of n stimuli tested only (n−1)/3
out of (n − 1) trials for each reference for Simulation 2.
The results obtained when comparing Simulation 2 with
Simulation 1 show that the influence of this partial filling
of the dissimilarity matrix is efficiently reduced by using
about 20 simulated listeners.

In order to evaluate the performance of the SPPR
method in Simulation 2, the Spearman correlation coef-
ficient between the estimated and true dissimilarity values
was computed for 40 stimuli, as a function of the num-
ber of simulated listeners. Figure 3 illustrates the evolu-
tion of the correlation from one listener to 100 listeners,
when simulated listeners (without noise) and when more
“noisy” listeners were simulated (with added noise lead-
ing to 10, 20 and 30% of modification of the simulated lis-
teners’ responses). Without noise, the plot shows a steep
increase in correlation coefficient for samples of up to 20
simulated listeners. For samples exceeding 20 listeners,
the curve reaches a stable value. When adding noise to the
responses, the shape of the correlation curves is modified
but only for small numbers of listeners. The more noise is
added, the more correlations decrease. Note that for up to
20% of modification the correlation curve is only slightly
reduced. Even for 30% of modified responses, the Spear-
man correlation is still above 0.90 for 15 simulated listen-
ers. When reaching 100 simulated listeners, the effect of
the added noise is marginal.

3.4. Bias characterization

For the simulations with and without noise, even for 100
simulated listeners, the Spearman correlation coefficient
does not exceed ρ = 0.96 (Figure 3). This correlation
value, also obtained in Simulation 1, indicates that the
method is never able to recover completely the dissimi-
larity information.

To determine the origin of this partial convergence
shown by the simulations, the transformation from true to
estimated dissimilarity data was studied. First, the relation
between both data was shown to be non linear and mono-
tonically increasing (Figure 2). In order to understand how
the method transforms the true dissimilarity into estimated
data, the distributions of true and estimated dissimilarity
values are also displayed in Figure 2.

The distribution of the true dissimilarities, resulting
from a uniform random distribution of the stimuli along
the space dimensions, appears to follow a Gaussian-like
shape. The estimated dissimilarity histogram however
shows a shift of the values toward larger values. Indeed,
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Figure 3. Correlation between true and estimated dissimilarity
matrices in Simulation 2 as a function of the number of listen-
ers for 40 stimuli. The original simulation and the noisy simu-
lations are presented. The percentage of modification equals the
proportion of modified responses given by the “noisy” simulated
listeners over the total number of responses.

in Figure 2 most of the points are above the equality line.
This shift towards larger dissimilarity values is due to the
way the similarity information is coded. At each trial, a
piece of information is obtained concerning the similarity
between the reference stimulus and the chosen stimulus,
but the dissimilarity value is not changed for the compar-
ison stimuli which were not chosen, and therefore keeps
its default value. For an entire test, before the symmetriza-
tion step, the dissimilarity matrix is filled with one third of
listener responses with a null value and the remaining two
thirds keep their initial value of 1.

To test if the true dissimilarity distribution could in-
fluence the simulation results, different distributions were
tested. The true dissimilarity matrix obtained from the
space was replaced by either a uniform distribution, an
asymmetric Poisson distribution set between 0 and 1 or
a Gaussian distribution centered on 0.5 with a variance of
0.17 and truncated between 0 and 1. Simulation 2 con-
ducted with any of these three distributions led to an iden-
tical Spearman correlation coefficient of 0.98 between true
and estimated dissimilarities for 100 simulated listeners.
This correlation is the same for the three distributions and
is just above the correlation obtained with the simulation
based on the true dissimilarities resulting from an evenly
filled space. Even with those three distributions, a small
bias remains. There is still a systematic bias which leads to
dissimilarity values that are overestimated compared to the
true dissimilarity values for the different tested distribu-
tions. The histograms in Figure 2 confirms that the method
overestimates the higher dissimilarities. However, this bias
does not change the ranking of the averaged dissimilarity
data, thus leading to a high Spearman correlation coeffi-
cient.

The possibility to simulate the SPPR method allowed
us to estimate this bias which seems to originate from the
dissimilarity construction rather than from the properties

of the true dissimilarity matrix or from the noise added to
the responses of simulated listeners. The bias is intrinsic
to the design of the method but is relatively small. In order
to assess its practical importance, the method of similarity
picking with permutation of references was applied to an
actual listening test.

4. Listening test: Application to the evalua-
tion of dissimilarity between loudspeak-
ers

The SPPR method was tested on an actual sound corpus.
A listening test was conducted to evaluate the sound repro-
duction of loudspeaker recordings. The results were com-
pared to those obtained by Lavandier et al. [4, 5], who used
paired comparisons, the method mostly employed when
evaluating loudspeakers [21, 22, 23, 24]. Here, the percep-
tual results obtained by Lavandier et al. and by the SPPR
method are directly compared. First of all, the dissimilar-
ity values resulting from the two methods are compared.
Then, the MDS analysis of the dissimilarity data allows
the comparison of the resulting perceptual spaces.

4.1. Stimuli

The work conducted by Lavandier et al. [4, 5] aimed at
investigating the restitution of musical excerpts by sev-
eral loudspeakers. The stimuli consisted of the sound ra-
diated by 12 single loudspeakers recorded at a same po-
sition in the same room using the stereophonic technique
AB-ORTF. The recordings were reproduced under head-
phones during the listening test. The musical excerpt was
McCoy Tyner “Miss Bea” (3.3 s). All details concerning
these recordings, loudspeakers, room and signal can be
found in Lavandier et al. [4, 5].

4.2. Listeners

Twenty-seven normal-hearing participants took part in our
listening test. This corresponds to the number of listeners
involved in the PC experiment conducted by Lavandier et
al. [4]. None of them had been trained in the perceptual
evaluation of loudspeakers.

4.3. Procedure

For 12 loudspeakers, each reference sound was compared
to the 11 other sounds, which were randomly distributed
in four triplets for each listener. The 11 sounds did not fill
the 4 triplets completely, therefore the last triplet was com-
pleted with one sound randomly chosen within the first 3
triplets. The entire test comprised 48 trials for each listener
and was divided into two sessions which lasted about 10
minutes each, and were separated by a small break. As a
comparison, the PC experiment conducted by Lavandier et
al. [4] lasted about 20 minutes.

Listening tests were conducted with a graphical user in-
terface that comprised four square buttons corresponding
to the four stimuli. On each trial, the four stimuli (refer-
ence + three comparison sounds) were initially presented
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in sequence. After this initial presentation, listeners could
listen to any of the stimuli, as many times as they wanted,
by clicking on the corresponding button. In order to con-
clude the trial, they had to choose the stimulus most sim-
ilar to the reference. Listening tests were carried out in a
soundproof booth and the stimuli were reproduced through
headphones (Stax SR Lambda Professional; same model
as in [4]).

4.4. Results and comparison

4.4.1. Perceptual dissimilarities
The dissimilarity data resulting from our experiment were
compared to the data obtained by Lavandier et al. [4] with
the PC method. For both methods, the diamonds on Fig-
ure 4 represent the Pearson correlation coefficients be-
tween the average matrix computed from all individual
matrices, and the average matrices computed for subsets
of individual matrices. The increasing number of listen-
ers (x axis) corresponds to the size of each subset con-
sidered in the comparison. Each diamond represents the
average of 100 Pearson correlation coefficients computed
from random subsets of individuals of the same size. Re-
sults for both PC and SPPR methods show a very similar
trend. The correlation coefficient asymptotes its maximum
value for subsets containing at least 20 individual matri-
ces. Twenty listeners appeared sufficient for recovering a
reliable group-average dissimilarity matrix for both the PC
and SPPR method.

Black dots on Figure 4 present the Spearman correlation
coefficients between the average matrix resulting from the
PC method, and the average matrix computed for subsets
of individual matrices resulting from the SPPR method.
Again, for each subset size (x axis), Figure 4 presents the
average and standard deviation for 100 random subsets of
listeners. The correlation increases sharply between 0 and
10 listeners and remains constant when reaching 20 listen-
ers. This tendency is quite similar to what was observed
for the simulations.

The maximum Spearman correlation coefficient be-
tween the SPPR and PC matrices is 0.75 (black dots on
figure 4). This value indicates that the matrices resulting
from the two listening tests are overall quite similar. Note
that for this comparison, the mean dissimilarities are ob-
tained from real (i.e. not simulated) listeners. This might
explain why the correlation between the PC and SPPR re-
sults is lower than for the simulations.

Figure 5 summarizes an analysis of the reliability of
the group-average dissimilarities obtained with the SPPR
method based on a method similar to what used Giordano
et al. [15]. Two groups of size N were picked randomly
(here without replacement) within the 27 individual matri-
ces and the average matrix of each group was computed.
As an estimation of reliability, the correlation coefficient
R2 was calculated between the average matrices of each
group. The average value over 10,000 draws was com-
puted and presented for values of N between 1 and 13.
This group-average data reliability analysis was done for
both SPPR and PC methods.
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Figure 4. Pearson correlation coefficients between subsets of in-
dividual matrices and the group-average matrix, for PC method
(black diamonds) and SPPR method (grey diamonds). Spearman
correlation coefficients between subsets of individual SPPR ma-
trices and the average PC matrix (black dots). Bars represent ±
one standard deviation.
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Figure 5. Group-average correlation coefficient (R2) associated
with its standard deviation as a function of the number of lis-
teners in each group for both PC (black diamonds) and SPPR
method (grey diamonds).

The reliability values obtained for the PC method are
close to the ones presented in [15]. The reliability values
obtained with the SPPR method appear to be very close
to those obtained with the PC method, even closer than
those obtained with the alternative methods tested in [15].
Note that for small values of N, the reliability might be
overestimated because of the initial filling of the individ-
ual dissimilarity matrices. For our maximum group size,
both methods have a reliability value close to 0.80. This is
probably related to the experimental noise associated with
the judgments by real listeners.

4.4.2. Perceptual MDS spaces

The dissimilarity data were analyzed using a metric MDS
technique based on the SMACOF (Scaling by Majorizing
a Complicated Function) algorithm [1], which was used
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Figure 6. Stress plots for MDS analysis resulting from the PC
method (dashed line) and from the SPPR method (plain line).
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Figure 7. Comparison of the two-dimensional perceptual spaces
obtained with the PC method and the SPPR method (circled
numbers).The numbers correspond to each loudspeaker record-
ing.

by Lavandier et al. [5]. Figure 6 shows the stress plot
for both methods as a function of the number of dimen-
sions. Two dimensions were retained for both experiments.
Any spatial configuration resulting from the SMACOF al-
gorithm can be stretched or rotated. In order to compare
the two MDS spaces, a Procrustes adjustment procedure
that rotates a configuration to match another configuration
was performed. As a visual comparison, Figure 7 presents
the auditory spaces derived from the dissimilarity matri-
ces obtained with the PC and SPPR methods. It can be
observed that the two methods provided very similar two-
dimensional spaces: the positions of the loudspeakers are
very similar in the two perceptual spaces.

To compare the MDS spaces, the Pearson correlation
between the coordinates of the points representing the
stimuli was calculated for each dimension. This correla-
tion coefficient equals 0.99 for the first dimension and
0.91 for the second dimension. During the recording ses-
sion, Lavandier et al. [4] recorded the reproduction of two
recordings from two identical loudspeakers (loudspeakers
7 and 8). As expected, those two loudspeakers appeared

very close in the MDS space resulting from the PC ex-
periment. This is also true for the SPPR experiment. For
further information about the dimensions and their inter-
pretation, the reader is referred to Lavandier et al. [5].

5. Discussion

5.1. Validity of the SPPR method

The results of the simulations together with the analysis
of the actual listening test indicated that the SPPR method
seems able to recover an average dissimilarity matrix close
to the one that can be obtained with the more commonly
adopted PC method. Even if the SPPR method is charac-
terized by a systematic bias (see section 3.4), it does not
impact much the perceptual space revealed with an MDS
analysis of the data. Conversely, the SPPR method does
not provide individual dissimilarity matrices: their content
is only a rough estimate of the individual-level dissimilar-
ity, because of the effects of the structure of the picking
task itself. Interestingly, averaging over a limited number
of listeners nonetheless allows to get an estimate of the un-
derlying dissimilarity which seems reliable enough to al-
low the modeling of the underlying perceptual dimensions.
The need of only a limited number is again confirmed by
both our simulations and the listening test: around 20 lis-
teners seemed to be sufficient. For the listening test, this
number was similar for both SPPR and PC method. More-
over, the reliability estimated for both methods was very
close, and was characterized by a highly similar effect of
the number of listeners. As far as the average dissimilar-
ity matrix is concerned, the SPPR method seems a valid
alternative to the PC method.

5.2. Duration of SPPR experiments

With the proposed SPPR method, each stimulus is used
in turn as the reference, which leads to an entire test of
n(n − 1)/3 trials, n being the number of stimuli. During
each trial, participants have to listen to a minimum of 4
sounds. As a comparison, n(n − 1)/2 trials are needed in
PC experiments, with a minimum of 2 sound playbacks
for each trial. These are strict minima which do not take
into account the potential need for listening several times
to some excerpts - e.g. when dissimilarities are small or
due to listener’s fatigue. The minimum number of sounds
to be listened to is 33% higher for the SPPR than for the
PC method.

Assuming that the two methods are equally demand-
ing, an experiment should last significantly longer for the
SPPR method than for the PC method. Conversely, our ex-
periment showed that both tests last about the same time
(20 minutes for 12 stimuli). Such an overall duration is
only a very coarse estimate, but this comparison may indi-
cate that the task involved in the SPPR method was experi-
enced by the listeners as simpler than a direct dissimilarity
evaluation. Indeed, even with 4 sounds per trial, the need
to listen again to some excerpts or the time needed to make
a decision were reduced. This corresponds to some of the
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listeners comments which were gathered at the end of each
test. Unfortunately, we did not record event data sustain-
ing this hypothesis when conducting our experiments. It
has still to be backed by future work.

5.3. Further developments

The majority of previous studies on paired comparison of
sound stimuli involved a maximum of 20 stimuli. Eval-
uating more stimuli potentially leads to a more homoge-
neous repartition of the stimuli along the perceptual di-
mensions and provides a better description of the percep-
tual space. It might also allow the experimenter to reveal
more dimensions compared to the perceptual results ob-
tained with smaller sets of sounds. However, the number
of presentations (pairs) of the experiment increases dra-
matically with the number of stimuli. Direct similarity rat-
ings involving a large number of stimuli then become too
demanding, as previously stated [1]. Such an experiment
is time consuming and the fatigue or the loss of attention
of listeners becomes significant [25]. Most of the studies
evaluating large sets of sounds point out the fact that the
evaluation of large sets with the paired comparison would
be “inefficient” [13], “cumbersome” [11], “undesirable”
[26] or “limited” by the number of pairs to evaluate [16].
For most listening experiments, it is then recommended to
have listeners taking breaks between listening sessions in
order to avoid the inconvenience of a long duration test.
A maximum duration of 30 minutes per session is often
recommended [23]. To evaluate a large set of audio stim-
uli, the experimenter must then divide a paired comparison
experiment into several sessions.

As far as we know, there are no studies that have com-
pared a PC dissimilarity estimation conducted during one
single session and the same experiment run in several ses-
sions. Poulton [27] underlined the sequential or “trans-
fer from previous judgments” bias which exists between
the judgment made during one trial and the judgments
made during previous trials. Poulton [28] specified that
“the sequential contraction bias is likely to affect any series
of judgments, unless each stimulus is judged deliberately
against a standard stimulus”. The permuted references and
the forced choice task involved in the SPPR method might
then contribute to reduce such “sequential bias” by lim-
iting the tendency of listeners to change their evaluation
scale between trials. Splitting the test into several sessions
could then be less concerning. This is the topic of ongoing
work concerning the SPPR method.

6. Conclusion

The similarity picking with permutation of references
(SPPR) method was inspired by a visual experiment con-
ducted to evaluate the similarity between images. In this
paper, it was adapted to auditory evaluation in order to pro-
pose an alternative method to the paired comparison (PC)
method.

Simulations were conducted in order to investigate the
effect of the number of stimuli and listeners on the esti-
mation of dissimilarity. It was shown that the number of
stimuli involved in the simulation did not influence this
estimation. The simulations also showed that most of the
dissimilarity information was gathered with about 20 sim-
ulated listeners. A small bias appeared in the estimation of
dissimilarity leading to overestimate the dissimilarity val-
ues. This bias was characterized and seemed to originate
from the design of the experiment.

A listening test was conducted with 12 loudspeakers and
compared to the PC method. Comparing dissimilarity data
and MDS spaces revealed that the SPPR method gives re-
sults very similar to those obtained with the standard PC
method. Even if the PC and the SPPR methods require a
different task from the listener, the average dissimilarity
judgments obtained with the SPPR method were well cor-
related with those obtained by Lavandier et al. [4] with the
PC method. The analysis of the dissimilarity matrices led
to two-dimensional spaces whose dimensions were very
similar to the dimensions obtained by Lavandier et al. [5].

The SPPR method seems to involve a simpler task and
its embedded reference could help to divide an entire test
into several sessions. This is a motivation for further work,
aiming at the evaluation of the performance of the SPPR
method for larger sets of stimuli.
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