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ABSTRACT

An off-the-shelf digital organ controlled by a MIDI se-
quence was used to obtain recordings of an excerpt of
early music that differed only in the chosen musical tem-
perament. At the same time, the recording of slow chro-
matic scales made it possible to accurately identify the
fundamental frequencies of the organ notes, and these fre-
quencies were in agreement with the theoretical values of
the temperaments indicated by the manufacturer of the or-
gan. An Odd One Out test was conducted with the musi-
cal recordings to assess the extent to which listeners dif-
ferentiate between the equal temperament and five other
more or less unequal temperaments. Three-sound series
were presented, with equal temperament twice and un-
equal temperament once. The middle interval always con-
tained the equal temperament recording, the listener was
asked to indicate which sound was different from it. Over
forty participants, including non-musicians and early mu-
sic professionals, took this test. It turned out that partic-
ipants overwhelmingly discriminated between equal and
other temperaments, with discrimination rates increasing
when temperaments were varied in the usual ”musicologi-
cal” order from least unequal to most unequal. Those who
had the most difficulty distinguishing temperaments were
non-musicians, but those who had the least were not early
music professionals.
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1. INTRODUCTION

Musical temperament, i.e. the exact relative fundamental
frequencies of the scale notes, has evolved widely over the
centuries in western countries [1]. The choice of which
temperament to use for a given instrument and piece of
music is a musicological question that can be very com-
plex. For example, figure 1 shows the manuscript header
of Johann Sebastian Bach famous Well-Tempered Clavier.
It was not until 250 years after his death that the frieze in
the figure was recognized as a coding by Bach of the tem-
perament he favored [2]: the number of turns in each loop
indicates how much to shrink the musical intervals in the
circle of fifths.

Figure 1. Bach’s handwritten header for the Well-
Tempered Clavier.

Tuning a viola da gamba or a harpsichord to change
the temperament is possible during the intermission of a
concert. It takes much longer in the case of an organ, for
which (dozens of) years may pass from one general tuning
to another. In this case the choice of a temperament, for
example during the restoration of a listed organ, commits
for a long time.

In order to assess the consequences of choosing one
organ temperament over another, one might ask how well
the audience hears the differences between temperaments.
Numerous studies have been carried out on the percep-
tion of pitch and, in particular for the pedagogy of bowed
string instruments, on that of musical tuning [3,4]. On the
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other hand, very few studies have focused on temperament
perception, perhaps because it is not easy to obtain mu-
sicologically relevant excerpts for laboratory testing that
differ only in temperament. In [5], a recording of a work
by Nicola Vicentino was manipulated with auto-tune soft-
ware in order to have one version in equal temperament
and another in the particular temperament advocated by
the composer. It was found that professional musicians
could differentiate the two versions very well. However,
adjusting the fundamental frequency of each note in a
recording does not allow easy comparison of a larger num-
ber of temperaments and musical excerpts.

In this context, a modern digital organ, driven by a
MIDI file, was used in the study presented here to generate
musical excerpts differing only in temperament as set by
the organ control interface. The digital organ controlled
in this way produces musical samples in a perfectly repro-
ducible way. An excerpt of Italian music from the 17th
century was used to conduct tests to evaluate the extent to
which listeners, from non-musicians to early music pro-
fessionals, hear the differences between versions. At the
same time, the recording of chromatic scales allowed to
estimate precisely the playing frequencies of the organ in
order to compare them with the expected theoretical val-
ues. The recording of the sound excerpts, the identifica-
tion of the playing frequencies, an Odd One Out psychoa-
coustic test on the distinction of the temperaments and its
first results are presented in more detail below.

2. RECORDING OF MUSICAL EXCERPTS

Figure 2 shows the off-the-shelf Johannus Classic 350 dig-
ital organ used for this study. This organ has 4 quality
sound banks and a reverb using the impulse responses of
12 identified buildings. 11 temperaments are proposed by
the organ menu, arranged in a usual musicological order
from ”Equal” (two consecutive notes are in a fundamental
frequency ratio of 2

1
12 ) to” Pythagorean” (the scale is built

from consecutive perfect fifths). The organ has a MIDI in-
terface and a stereo audio output. A RME Babyface PRO
FS audio card and Adobe Audition software was used for
this study to control the organ in MIDI and to record its
audio output. The signals were recorded with sampling
rate fs = 48kHz and 24-bit resolution.

One cannot choose just any musical excerpt to evalu-
ate the extent to which one perceives differences between
musical temperaments. Most listeners can instantly hear a
problem when a chord of F♯ major or A♭ major is placed
on a keyboard in mesotonic 1/4 comma temperament, but

Figure 2. The LMA digital organ

no music has been written for this temperament in these
keys. It is therefore necessary to choose musical excerpts
and temperaments whose association corresponds to a real
cultural practice. In order to make sure that the sound
samples are all different by varying the temperament, it
is also desirable that the musical excerpt contains as many
notes of the scale as possible: very different temperaments
can have several notes in common, like for example F and
A in Kirnberger II and 1/4 comma mesotonic tempera-
ments.

Figure 3 shows the score of an excerpt from the Toc-
cata settima by Michelangelo Rossi. This Italian piece
from the first half of the 17th century was written for the
very unequal 1/4 comma mesotonic temperament, then in
use, but versions of it can be found on recordings in the
21st century on equal temperament instruments by pro-
fessional organists. The two bars in figure 3, which cor-
respond to less than 10 seconds of music, include the 12
steps of the scale as usually present on a keyboard with-
out split sharps (i.e. C♯, E♭, F♯, G♯, B♭ and not D♭, D♯,
G♭, La♭, A♯). This musical excerpt therefore fulfills the
required conditions and its duration is compatible with the
usual psychoacoustic tests.

The excerpt shown in figure 3 has been recorded in the
11 temperaments available on the digital organ, knowing
that one of them (the Pythagorean temperament) is older
and not quite suitable to the excerpt. The MIDI file used to
drive the organ was generated from the music editing soft-
ware Musescore with tempo 80 bpm. The historic sound
bank used for the recording and the reverb, set to maxi-
mum, were the one indicated by the organ manufacturer as



10th Convention of the European Acoustics Association
Turin, Italy • 11th – 15th September 2023 • Politecnico di Torino

Figure 3. Bars 75-76 from the Toccata settima by
Michelangelo Rossi.

those of the Oude Kerk in Amsterdam. The default pitch
of the organ (A4 at 440Hz) was used. Finally, of all the
possible choices of organ stops, the manufacturer’s pre-
configured Plein-jeu was selected, as the large number of
harmonics then present may enhance the specificities of
each temperament.

3. ESTIMATION OF THE DIGITAL ORGAN
PLAYING FREQUENCIES

For this study, it was necessary to check that the playing
frequencies of the digital organ match the expected the-
oretical values for every temperament. For this purpose,
slow chromatic scales were recorded with the same organ
settings as for the excerpt shown in figure 3, except that
the reverberation was set to the minimum for a more accu-
rate estimation of the playing frequencies. The estimation
was done for each note of the central octave of the digital
organ with a procedure, which has been used in churches
to identify at several points the same playing frequency to
within 0.01Hz (cf. [6]), which consists in:

1. low-pass filtering the signal with cut-off frequency
about 1.5 times the expected playing frequency,

2. computing, with a Hilbert transform, the analytical
signal associated with the quasi cosine signal ob-
tained after low-pass filtering,

3. unwrapping phase ϕ of the analytical signal and
computing the playing frequency at every time
sample fs

ϕn−ϕn−1

2π ,

4. estimating the mean and the standard deviation of
the note playing frequency.

In the case of the digital organ, the standard deviations of
the instantaneous frequencies appear to be one order of
magnitude smaller than those measured on pipe organs in
churches. The average frequencies are therefore proba-
bly estimated with an accuracy better than 0.01Hz. The

playing frequencies identified for each of the two chan-
nels of the recorded stereo signal are identical to better
than 0.001Hz.

A first comparison of the estimated playing frequen-
cies of the digital organ with the expected theoretical
values revealed differences that were much greater than
the precision with which these frequencies are estimated.
Therefore, several recordings and calculations were made
for each note. Table 1 shows, for the case of equal temper-
ament, the theoretical values obtained from 3 recordings.
Significant differences between recordings can be seen,
perhaps related to natural fluctuations with the tempera-
ture of devices such as the digital-to-analog converters of
the organ. Although not negligible, these frequency vari-
ations are quite small compared to the theoretical differ-
ences between temperaments and certainly smaller than
the tuning imperfections of any acoustic musical instru-
ment. We can therefore consider that the temperaments
proposed by the digital organ are in accordance with the
theory.

Table 1. note frequencies in equal temperament: the-
oretical values and estimated values from 3 measure-
ments at the numerical organ

note th. fr. est. fr.#1 est. fr.#2 est. fr.#3
C4 261.63 261.92 261.68 261.92
C♯4 277.18 276.86 277.37 277.62
D4 293.66 293.73 293.86 293.99
E♭4 311.13 311.33 311.33 310.77
E4 329.63 329.70 329.85 329.85
F4 349.23 349.78 349.78 348.82
F♯4 369.99 369.90 369.73 370.07
G4 392 391.72 392.44 392.26
G♯4 415.3 415.77 415.39 415.77
A4 440 440.09 440.09 440.49
B♭4 466.16 466.47 466.47 466.47
B4 493.88 494.66 494.21 493.31
C5 523.25 523.6 522.88 522.88
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4. IMPLEMENTATION OF THE
PSYCHOACOUSTIC TEST

A dissimilary test by pair comparison, with the sound
samples obtained on the digital organ in all 11 tempera-
ments except the Pythagorean one, was originally envis-
aged to estimate perceptual differences between all tem-
peraments. Once the samples were obtained it seemed
to us that such a test would be too difficult for the par-
ticipants. An Odd One Out test was therefore preferred
to assess the extent to which a listener differentiates be-
tween equal and unequal temperaments. The listener was
presented with a series of 3 sounds, 2 of the 3 sounds cor-
responding to the musical excerpt in equal temperament
and the first or the third to the one in unequal tempera-
ment. After listening to the 3 sounds, the listener had to
indicate if the sound different from the other two seemed
to be the first or the last. A feedback in the form of a green
or red light then indicated if his choice was the right one
or not and a new series of 3 sounds was played.

The chosen musical excerpt lasts about 10s including
reverberation, the series of 3 last 30s. By presenting 10
times each excerpt in unequal temperament, we chose to
carry out tests lasting 25 minutes by restricting ourselves
to 5 of the 9 possible unequal temperaments: Young II,
Valloti, Kirnberger II, Werckmeister III and mesotonic 1/4
comma. The test sessions began with a 5-minute famil-
iarization phase during which 10 series of 3 sounds were
played, with each of the unequal temperaments played
once as the first and once as the last in the series. In this
way, all the sounds of the corpus were presented to the lis-
tener before the actual test. Figure 4 shows the interface
offered to the listeners during the test.

5. FIRST RESULTS

45 people took part in the listening test. 6 of them had
never had any musical practice or education outside of
compulsory education. On the opposite, 8 of them were
early music professionals: 6 harpsichordists, one baroque
violinist and one singer. This sample of 45 listeners is cer-
tainly not representative of the general population, but it
could constitute an early music concert audience.

Figure 5 displays the test results for the 45 listeners
as a box plot. The dispersion between listeners is large,
but 75% of the listeners have a rate of correct answers
well above 50%, i.e. they did make the difference under
laboratory conditions between equal and unequal temper-
aments even for only slightly unequal temperaments. 42

Figure 4. The psychoacoustic test interface.

participants out of 45 reached 100% correct answers with
the mesotonic temperament at 1/4 comma. The order in
which the temperaments are arranged in figure 5 is the
order of the digital organ menu, which is also the usual
”musicological” order in which these temperaments are
arranged from least unequal to most unequal. The medi-
ans of the listener discrimination rate increases following
this order, the musicological and perceptual rankings are
therefore in agreement.

While waiting for a more detailed statistical analysis
of the results of the test, it should be noted that the outliers
shown in figure 5 correspond to test participants who do
not play music at all. On the other hand, 5 people obtained
100% correct answers for all temperaments. None of these
5 people is an early music professional, but all of them had
already taken psychoacoustic tests before, which was not
the case for the early music professionals who took the
test.

Figure 6 displays the test results for the 8 early music
professionals. The results are more erratic than in figure
5 because of the small number of listeners but the me-
dian levels are similar. Moreover, the medians in figure
5 are not modified if these 8 professional musicians are
removed from the panel of listeners.

6. CONCLUSION

A psychoacoustic Odd One Out test was set up to evaluate
a listener’s ability to distinguish between two recordings
of a 17th century musical excerpt of less than 10 seconds
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Figure 5. Boxplot of the psychoacoustic test results.
An horizontal bar denotes a median, a rectangle goes
from first to third quartile and the dashes cover from
first to ninth decile. Red crosses indicate potential
outliers.

Figure 6. Boxplot of the psychoacoustic test results
for the 8 early music professionals.

duration, one in equal temperament and the other in un-
equal temperament. The sounds were recorded at the out-
put of a digital organ driven by a MIDI file, only the tem-
perament differs between them. 45 participants, with very
different musical skills, took a test using 5 unequal tem-
peraments. It turned out that the participants distinguished
very well between equal and unequal temperaments. This
result is similar to the one presented in [5] for the case

of equal temperament and the one recommended by Nico-
las Vicentino. It was also found here that the discrimi-
nation rates increased when temperaments varied in the
usual ”musicological” order, from least unequal to most
unequal. The people who had the most difficulty dis-
tinguishing temperaments were non-musicians, but the 5
people who achieved a 100% discrimination rate were not
early music professionals.

Now that we know that equal and unequal temper-
aments are easily distinguishable, we could construct a
perceptual space to see what are the respective perceptual
distances between a large set of temperaments. To do this,
we will soon carry out a dissimilarity test using pairwise
comparisons of musical excerpts.
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