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ABSTRACT

Musicians say that the pitches of tones with a frequency ratio of 2:1 (one octave) have a distinctive affin-
ity, even if the tones do not have common spectral components. It has been suggested, however, that
this affinity judgment has no biological basis and originates instead from an acculturation process - the
learning of musical rules unrelated to auditory physiology. We measured, in young amateur musicians,
the perceptual detectability of octave mistunings for tones presented alternately (melodic condition) or
simultaneously (harmonic condition). In the melodic condition, mistuning was detectable only by means
of explicit pitch comparisons. In the harmonic condition, listeners could use a different and more efficient
perceptual cue: in the absence of mistuning, the tones fused into a single sound percept; mistunings de-
creased fusion. Performance was globally better in the harmonic condition, in line with the hypothesis
that listeners used a fusion cue in this condition; this hypothesis was also supported by results showing
that an illusory simultaneity of the tones was much less advantageous than a real simultaneity. In the
two conditions, mistuning detection was generally better for octave compressions than for octave stretch-
ings. This asymmetry varied across listeners, but crucially the listener-specific asymmetries observed in
the two conditions were highly correlated. Thus, the perception of the melodic octave appeared to be
closely linked to the phenomenon of harmonic fusion. As harmonic fusion is thought to be determined
by biological factors rather than factors related to musical culture or training, we argue that octave pitch
affinity also has, at least in part, a biological basis.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

other factors (Burns and Ward, 1978; Rakowski, 1990; Perlman and
Krumhansl, 1996; McDermott et al, 2010; McClaskey, 2017;

Humans enjoy melody, "the essential basis of music" in the
words of Helmholtz (1863/1954). A melody is a sequence of pe-
riodic sounds with specific frequency ratios, forming musical in-
tervals that are perceived as pitch relations. The precision with
which these intervals are perceived is of course limited; it depends
on the listener’s musical training, the intervals themselves, and

Abbreviations: AMD, asymmetry of mistuning detection; OPA, octave pitch affin-
ity.
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Graves and Oxenham, 2017). However, in the Western world at
least, even people with no substantial musical education readily
detect an error of only one semitone (corresponding to a frequency
change of about 6%) in the production of one note of a familiar
melody (Dowling and Fujitani, 1971; Trainor and Trehub, 1994).
Throughout the human auditory system, up to the cortical level,
frequency is represented tonotopically, along unidimensional neu-
ral maps (Romani et al., 1982; Talavage et al., 2004). A straightfor-
ward hypothesis, therefore, is that the representation of a melodic
interval in the auditory system is simply a distance between neural
excitations along an axis representing pitch as a logarithmic func-
tion of frequency. This would suggest that there is no "physiologi-
cally special" melodic interval (apart from the unison). Psychophys-
ical results in line with this hypothesis were obtained by Kallman
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(1982, experiment 1), who required ordinary Western students to
rate the similarity of successive pure tones as a function of their
frequency ratio. The ratings smoothly decreased as the frequency
ratio varied in small logarithmic steps from 1:1 to about 5:1. Re-
markably, no local peak was observed for the simple frequency ra-
tio 2:1, i.e., one octave, even though in the Western musical system
two notes forming an octave interval bear the same name and are
treated as equivalent sounds (Krumhansl and Shepard, 1979). Anal-
ogous findings were reported by Hoeschele et al. (2012, experiment
1).

However, at odds with these results, a number of other exper-
iments have suggested that for a substantial proportion of human
listeners, two tones forming a small-integer frequency ratio have a
distinctive affinity (or similarity) in pitch. Ratios such as 3:2, 4:3,
or 5:4 have been used in some of these experiments (Cohen et al.,
1987; Schellenberg and Trehub, 1994, 1996), but the ratio most
often used was 2:1, one octave. The demonstrations of octave
pitch affinity (OPA) have been based on a variety of method-
ologies (Deutsch, 1973; Idson and Massaro, 1978; Kallman and
Massaro, 1979; Massaro et al., 1980; Demany and Armand, 1984;
Hoeschele et al., 2012; Borra et al., 2013; Jacoby et al., 2019).! In
the eight studies that we just cited, OPA was observed using pure-
tone stimuli. This is an important detail since the peripheral audi-
tory system behaves as a spectrum analyzer (Schnupp et al., 2012).
Ordinary periodic sounds are instead complex tones, and thus con-
sist of a sum of harmonics with frequencies equal to integer mul-
tiples of a given fundamental frequency. Consequently, two com-
plex tones one octave apart typically have common spectral com-
ponents. In addition, the pitch of certain complex tones is subject
to octave ambiguities (Terhardt et al., 1982, 1986), which could ex-
plain the perception of an affinity between such tones when their
fundamental frequencies are one octave apart (Regev et al., 2019).
The phenomenon of OPA is more intriguing when it is observed for
sounds with no common spectral component and an unambiguous
pitch, such as pure tones.

The origin of OPA, for sounds such as pure tones, is the subject
of a basic controversy. On one side of the debate, it is contended
that OPA is essentially the consequence of an acculturation process
(Burns and Ward, 1982; Sergeant, 1983; Jacoby et al., 2019). Ac-
cording to this culturalist hypothesis, Western listeners exhibit OPA
because they have learned, consciously or unconsciously, a musical
grammar in which tones one octave apart are functionally equiva-
lent. Arbitrary musical grammars can be learned quite rapidly, by
mere passive exposure to sound sequences constructed from these
grammars (Loui et al, 2010; Rohrmeier et al., 2011). The musi-
cal rule of octave equivalence is certainly not arbitrary, because
this rule is culturally widespread (Dowling and Harwood, 1986;
Brown and Jordania, 2011). However, its main origin might be un-
related to the perception of pitch relations (Burns and Ward, 1982;
McPherson et al., 2020). The rule might originate from the mere
fact that the sum of two complex tones one octave apart is a single
complex tone, with the same period as one of the two added tones.
The culturalist explanation of OPA is consistent with the fact that,
within the Western adult population, sensitivity to OPA appears
to be stronger in musicians than in non-musicians (Allen, 1967;
Demany and Armand, 1984; Jacoby et al., 2019), although this
could of course be due to an influence of sensitivity to OPA on
the willingness to become a musician. Jacoby et al. (2019) sug-
gested in addition that the Tsimane’, an Amazonian population
living in isolation from Western culture, are completely insensi-
tive to OPA. Western children tested by Sergeant (1983) showed
a similar insensitivity and this led the author to assert that OPA
was a "concept" rather than a percept. In line with such a view,

1 We provide an audio illustration of OPA in the supplementary material.
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Regev et al. (2019) found that musically educated listeners who
were able to identify an octave interval as such did not manifest
a sensitivity to OPA when their brain response to pitch changes
was assessed via the "mismatch negativity" evoked potential.

On the other side of the debate, it is contended that OPA orig-
inates from physiological processes that are essentially indepen-
dent of the cultural environment. The experimental evidence sup-
porting this general hypothesis is currently very limited. Sensitiv-
ity to OPA has been found in two studies on non-human animals
(Blackwell and Schlosberg, 1943; Wright et al., 2000); but the stim-
uli used by Wright et al. were spectrally rich periodic sounds. Us-
ing instead pure tones, Demany and Armand (1984) obtained re-
sults suggesting that OPA exists, and is even strong, in 3-month-
old human infants. Another argument was put forth by Terhardt
(1971, 1974, 1987). In his view, OPA originates from a learning pro-
cess, but not from musical acculturation: what is learned is the
harmonic structure of natural periodic sounds, such as human vo-
calizations. Due to this learning process, the pitch interval corre-
sponding to a subjectively perfect melodic octave is the pitch inter-
val of harmonics with a frequency ratio of 2:1 in natural periodic
sounds. A well-established fact is that when musically educated
listeners are requested to set two successive pure tones exactly one
octave apart by adjusting their frequency ratio, the obtained ratio
is generally slightly larger than 2:1 (Ward, 1954; Ohgushi, 1983;
Demany and Semal, 1990; Hartmann, 1993; Rosner, 1999). Ter-
hardt argued that this apparent anomaly - often called the "oc-
tave enlargement” effect - can be explained by small repulsive
interactions between the representations of simultaneous pure
tones in the periphery of the auditory system. He found confir-
mation of this hypothesis in precise measurements of the pitch
of individual spectral components of complex tones. However,
Peters et al. (1983) and Hartmann and Doty (1996) failed to repli-
cate Terhardt’s observations: they found that the pitch of a com-
plex tone component is not significantly affected by the other com-
ponents. Their work thus cast serious doubts on the validity of Ter-
hardt’s ideas about OPA.

Here, we report new evidence that OPA has a natural basis.
More precisely, our study indicates that even for musically edu-
cated Western listeners, the pitch interval defining a subjectively
perfect melodic octave is largely determined by universal audi-
tory processes rather than by cultural factors. Our essential find-
ing is that the perception of OPA is closely linked to the au-
ditory phenomenon of harmonic fusion. A periodic complex tone
is normally heard as a single sound, with a single pitch (re-
lated to the fundamental frequency). Yet, it is initially represented
in the auditory system as a set of harmonics that, in isolation,
evoke different pitches. Their subsequent fusion involves a de-
tection of small-integer frequency ratios ("harmonicity"). When,
for example, a 800-Hz harmonic is mistuned by 5% in a com-
plex tone with a 400-Hz fundamental frequency, adult Western
listeners perceive two sounds rather than one: the mistuned har-
monic is heard as a pure tone standing out of a complex tone
(Moore et al.,, 1986; Hartmann et al., 1990). Harmonic fusion is
thought to be helpful in everyday life because real-world acous-
tic scenes often include simultaneous periodic sounds, produced by
separate sources and differing in fundamental frequency; the per-
ceptual segregation of such sounds requires a grouping of their re-
spective spectral components (Bregman, 1990; de Cheveigné, 1997;
Kidd et al., 2003; Carlyon and Gockel, 2008; Micheyl and Oxen-
ham, 2010; Popham et al., 2018). Harmonic fusion is apparently
operative in newborn infants (Bendixen et al., 2015), in Amazo-
nian listeners isolated from Western culture (McDermott et al.,
2016; McPherson et al.,, 2020), and in at least some non-human
mammals (Tomlinson and Schwarz, 1988; Kalluri et al., 2008;
Song et al., 2016). Moreover, neural correlates of this perceptual
phenomenon have been found in the auditory cortex of monkeys
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(Fishman and Steinschneider, 2010; Fishman et al., 2014; Feng and
Wang, 2017). Thus, harmonic fusion clearly has a natural basis. This
should also be the case for OPA if OPA is closely linked to harmonic
fusion.

In all but three of the past studies concerning OPA and har-
monic fusion, these two phenomena have been investigated in iso-
lation. Interestingly, a similar asymmetry was observed in both
cases. First, the "octave enlargement” effect mentioned above sug-
gests that OPA is generally stronger slightly above the physical
octave (2:1) than slightly below it. Second, when the listeners’
task was to detect small octave mistunings in stimuli consisting
of simultaneous pure tones, performance was found to be gen-
erally poorer when the octave was stretched than when it was
compressed, thus suggesting that harmonic fusion is more tol-
erant to stretchings than to compressions (Demany et al., 1991;
Borchert et al, 2011; Bonnard et al., 2013, 2017). From this re-
semblance, one could suspect the existence of a link between OPA
and harmonic fusion. However, the three studies in which the
two phenomena were examined jointly, in the same listeners, did
not provide evidence for such a link (Demany and Semal, 1990;
Bonnard et al., 2013, 2016). In the present study, OPA and harmonic
fusion were again investigated in the same listeners, but with a
new methodology. We provide evidence that the two phenomena
are linked by showing that the perception of OPA by a given lis-
tener is highly correlated with the perception of harmonic fusion
by the same listener.

2. Experiment 1: detection of octave mistunings in quiet
2.1. Method

2.1.1. Conditions and stimuli

In this experiment, as well as experiments 2, 5, and 6, we mea-
sured the perceptual detectability of octave mistunings, i.e., devi-
ations from a frequency ratio of 2:1, in cyclical sound sequences.
Each sequence was built from two short stimuli: (1) a pure tone
(T1); (2) a sum of two simultaneous pure tones with higher fre-
quencies that were always exactly one octave apart (T2+T3). Each
stimulus had a total duration of 130 ms and was gated on and off
with 5-ms raised-cosine amplitude ramps. There were three exper-
imental conditions in experiment 1 (ALT, ALTgap, and SIM); they
are depicted in Fig. 1. 2 In two conditions (ALT and ALTgap), T1
and T2+T3 were presented in alternation; they were temporally
contiguous in ALT whereas in ALTgap they were separated by 130-
ms intervals of silence. In the third condition (SIM), T1, T2 and T3
were simultaneous and the successive presentations of the result-
ing complex were separated by 130-ms intervals of silence. The se-
quences were composed of 6 cycles in the ALT and SIM conditions,
and 3 cycles in the ALTgap condition; thus, the duration of a se-
quence was the same (1560 ms) in the three conditions.

On each trial, in each condition, two sequences were pre-
sented, one after the other; they were separated by a silent
pause of 500 ms. In one sequence (the first or the second se-
quence, equiprobably), T1 and T2 were exactly one octave apart.
In the other sequence, T1 and T2 formed either a stretched oc-
tave (positive mistuning) or a compressed octave (negative mis-
tuning); mistuning magnitude, denoted A, was defined in cents (1
cent = 1/100 semitone = 1/1200 octave). The listener had to indi-
cate if the mistuned sequence was the first or the second one. This
could not be determined from pitch comparisons across sequences,
because mistuning sign (positive or negative) was not known in
advance (more details below) and because the absolute frequen-
cies of the tones varied at random from sequence to sequence:

2 An audio illustration of each condition is provided in the supplementary mate-
rial.
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Fig. 1. Two cycles of the sound sequences used in the ALT, ALTgap, and SIM condi-
tions of experiment 1. T1, T2, and T3 were 130-ms pure tones. T2 and T3 were al-
ways one octave apart. T1 and T2 were exactly one octave apart in some sequences
and formed a mistuned (either stretched or compressed) octave in other sequences.

in every sequence presentation, the frequency of T1 was drawn at
random between 300 and 600 Hz; the probability distribution was
rectangular, frequency being scaled logarithmically. Listeners knew
how the sequences were constructed. They were instructed to de-
tect the octave mistunings by any means, but they were also told
that an efficient subjective cue should be "consonance", defined as
either pitch affinity or perceptual fusion.

The ALT and ALTgap conditions were intended to gauge sensitiv-
ity to OPA while the SIM condition was intended to gauge sensi-
tivity to harmonic fusion. The stimuli were such that the ALT and
ALTgap conditions could clearly gauge "genuine" OPA, i.e., OPA in
the absence of spectral overlap and pitch ambiguity. In the SIM
condition, on the other hand, it was conceivable that the task
would be performed using a subjective cue other than fusion. One
possibility was that listeners would detect mistunings via rough-
ness sensations produced by low-frequency beats resulting from a
cochlear interaction of T1 and T2 (Plomp, 1967; Moore et al., 1985;
Viemeister et al., 2001). We minimized this possibility by present-
ing all tones at low sensation levels: the sound pressure level (SPL)
of the tones was 45 dB for T1, and 39 dB for T2 as well as T3. An-
other possibility was that listeners would always be able to segre-
gate T1 from T2+T3, and would then perform the task by compar-
ing explicitly, as in the ALT and ALTgap conditions, the pitch of T1
to the pitch of T2+T3 (or T2 alone). This "analytic strategy" was
hindered by the fact that the sum of T1 and T2+T3 consisted of
more than two pure tones. Sums of only two pure tones can be
easily heard as such by some listeners, even if the tone frequencies
are in a small-integer ratio (Smoorenburg, 1970; Demany and Se-
mal, 1990; Houtsma and Fleuren, 1991; Rousseau et al., 1996), but
the addition of a third tone makes analytic listening more difficult
(Laguitton et al., 1998; Schneider et al., 2005).

2.1.2. Procedure

Listeners were tested individually in a sound-attenuating booth.
The sound sequences were generated in MATLAB, at a sampling
rate of 44.1 kHz, via 24-bit digital-to-analog converters. They were
presented diotically by means of headphones (Sennheiser HD 650).
Responses were given by mouse clicks on one of two virtual but-
tons, labeled "1” and "2”. Response time was unlimited. Impor-
tantly, listeners were not given feedback about response accuracy.



L. Demany, G. Monteiro, C. Semal et al.

Table 1
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Information on the listeners who completed at least one experiment. Only three listeners (L3, L4, and L9) completed all experiments.
Experiments 2, 3, and 4 were performed on the same listeners. Numbers in parentheses indicate the order in which the experiments

were completed.

Listener  Gender  Instrument(s) Age (y) in expt 1 Age (y) in expts 2-4  Age (y) in expt 5  Age (y) in expt 6
L1 F piano 22
L2 M voice 20 (2) 19 (1)
L3 F piano, flute 24 (4) 23 (1) 23 (2) 23 (3)
L4 F violin 24 (4) 23 (1) 23 (2) 24 (3)
L5 F piano, voice 23
L6 M violin, trumpet 21
L7 M piano, guitar 21 (1) 21 (2)
L8 F violin, voice 21
L9 M voice 20 (4) 19 (1 19 (2) 20 (3)
L10 M guitar 1 25 (2)
L11 M piano, accordion 19
L12 F organ, voice 19 (2) 19 (1)
L13 F piano, guitar 24
L14 F viola 22 (2) 22 (1)
L15 F voice, guitar 20
L16 F piano 19
L17 F flute 23
L18 F clarinet 24
L19 F cello 25 (2) 24 (1)
L20 F piano, voice 20
L21 F piano 20 (1) 20 (2)
L22 F violin 21 (2) 21 (1)
L23 F piano 25
L24 M percussion, guitar 19 (2) 19 (1)
L25 F celtic harp 21
L26 F piano 25
L27 M piano 24
L28 M piano, voice 23
L29 M bass guitar, voice 22
L30 M percussion 23
L31 F piano 25
L32 F violin, voice 22
L33 M guitar, clarinet 21
L34 M piano 19
In the experiment proper, trials were organized in blocks of 40, 20
during which the condition and A (mistuning magnitude) were T Mistuning
fixed. Within each block, mistuning sign was positive in half of the X - - AgH:
trials and negative in the other half; these two sets of 20 trials 2/ negative
were randomly shuffled. An equal number of blocks were run for 15F %% (octave
each condition within each session; two successive blocks were al- % compression)
ways run in different conditions. The experiment consisted of 600 d , | positive
trials in each condition, and was run in five sessions of about 1 h (octave
each. stretching)
A was varied across listeners and conditions. For each listener, 1.0
however, it was identical in conditions ALT and ALTgap. Its values
were chosen so as to obtain, for each listener, a similar proportion - <
of correct responses (P.), about 0.75, in conditions SIM and ALT. A
The appropriate A values were estimated informally before the ex- 05} \ N N
periment proper. The length of this adjustment phase, also serving \\ \\\
as a practice phase, was listener-dependent. In a few cases, A was L \ \\\ \\\\\\
modified during the experiment proper, between two sessions. } \
\\\\\ N\
2.1.3. Listeners 0.0
e ; . . ALT AL Tgap SIM
The experiments reported here were all performed at Université
Condition

de Bordeaux. The tested listeners were mostly students who had
responded to an announcement. They gave written informed con-
sent before testing and were paid an hourly wage for their partici-
pation. Overall, 47 listeners were preselected based on the follow-
ing criteria: (1) age < 30 y; (2) at least 3 y of formal musical edu-
cation and of significant (> 1 h | week) musical practice; (3) sub-
jectively normal hearing; (4) absolute hearing threshold < 20 dB
HL for each ear at octave frequencies from 125 to 8000 Hz. For
each experiment, an additional inclusion criterion was defined by
performance in a pretest (generally omitted for those who had pre-
viously completed another experiment). 13 of the 47 preselected

Fig. 2. Results of experiment 1: mean of d’ across listeners as a function of con-
dition and mistuning sign (negative for octave compressions, positive for octave
stretchings); the error bars represent + 1 standard error of the means.

listeners were pretested for a single experiment and failed to meet
the inclusion criterion for that experiment. The 34 remaining lis-
teners completed a variable number of experiments. Table 1 pro-
vides information on each of these listeners. None of them were
unsuccessful in a pretest, except for L31. Only one listener, L24, was
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Fig. 3. Scatter plots of the individual AMD (asymmetry of mistuning detection) values obtained in the three conditions of experiment 1 (ALT, ALTgap and SIM). Each dot
represents an individual listener. The r values are Pearson’s correlations. The p values (one-tailed) are adjusted using the Holm correction for multiple testing (3 tests).

a professional musician, and about one listener out of three was
no longer making music regularly. Table 1 indicates that "experi-
ment 1” was completed by 10 listeners (mean age: 21.5 y; range:
19-25), but that 9 of them had previously completed one or more
other experiments. In the pretest, listeners were required to per-
form with P. > 0.70 for A = 100 cents in each of the three condi-

tions. Three of the preselected listeners were unsuccessful.
2.2. Results and discussion

The mean value of A was 40 cents (range across listeners: 28-
70) in the SIM condition, and 59 cents (range: 37-100) in the ALT
and ALTgap conditions. This indicates that the task was easiest in
the SIM condition.

P. was converted to d’ (Green and Swets, 1974) by the for-
mula:

d’ = V2 norminv(P.)

in which norminv is the inverse of the standard normal cumula-
tive distribution function. Fig. 2 displays the group performance
as a function of condition and mistuning sign. In each condition,
negative mistunings (octave compressions) were markedly better
detected than positive mistunings (octave stretchings). The main
effect of mistuning sign was confirmed by a repeated-measures
ANOVA (F(1, 18) = 18.9; p = 0.002; n? = 0.60), which also indi-
cated that condition had no main effect (F(2, 18) = 0.04; p = 0.96;
n? < 0.01) and did not interact significantly with mistuning sign
(F(2, 18) = 3.6; p = 0.076; n? = 0.01). The effect of mistuning
sign in ALT and ALTgap is qualitatively consistent with the so-called
"octave enlargement” phenomenon. In SIM, the results are at odds
with the beat detection hypothesis: given that A was only a small
fraction of 1 octave, this hypothesis predicted, wrongly, that posi-
tive and negative mistunings would be detected with a very similar
efficiency.

For each listener and condition, we quantified the asymmetry
of mistuning detection (AMD) by simply subtracting the d’ ob-
tained for positive mistunings (d’pos) from the d’ obtained for neg-
ative mistunings (d'neg). Fig. 3 displays, for each possible pairing
of conditions, the individual values of AMD and the correlation
(Pearson’s r) of the conditions with respect to this variable; the
p value corresponding to r (one-tailed test, with the correction of
Holm (1979) for multiple testing) is also indicated. As could be ex-
pected, a high correlation (0.93) was found between ALT and ALT-
gap. The crucial finding is that the correlations of SIM with ALT
and ALTgap (0.73 and 0.89) were also high. It is noteworthy that
if the AMD is computed not as d’neg — d’pos but as (d’neg — d’pos) |
(d’'neg + d’pos), very similar results are obtained (r = 0.93 between
ALT and ALTgap; r = 0.75 between SIM and ALT; r = 0.85 between
SIM and ALTgap). The high correlations of SIM with ALT and ALT-
gap provide further evidence that performance in SIM was not de-
termined by the detection of beats, as this cue was certainly not

available in ALT and ALTgap. Most importantly, under the hypoth-
esis that listeners’ performance in SIM was based on a fusion cue,
the correlations of SIM with ALT and ALTgap strongly suggest that
OPA is linked to harmonic fusion. Experiments 2-5 provided con-
firmatory evidence for the use of a fusion cue in the SIM condition.

3. Experiment 2: real simultaneity versus illusory simultaneity
3.1. Method

In experiment 1, mistuning detection was easier in SIM than in
ALT, as revealed by the fact that A had to be larger in ALT than
in SIM to get a similar level of performance. Experiment 2 con-
firmed that the SIM condition was easier than the ALT condition,
and determined whether the perceptual advantage provided by a
simultaneous presentation of T1 and T2+T3 could be obtained if
the simultaneity was illusory rather than real.

Four conditions were employed. In two of them, the sound se-
quences were constructed exactly as in the ALT and SIM conditions
of experiment 1, except for two minor differences: (1) the number
of cycles in a sequence was 4 instead of 6; (2) the onset and offset
of every sequence were smoothed by 50-ms raised-cosine ampli-
tude ramps. The other two conditions, ALTnoise and SIMnoise, are
depicted in Fig. 4 (A and B). Whereas, in ALT and SIM, successive
presentations of a given tone (T1, T2, or T3) were separated by an
interval of silence, this interval was filled with a noise band in ALT-
noise and SIMnoise. This noise band, with spectral edges positioned
200 cents above and below the tone frequency, was more intense
than the tone by 8 dB. It was gated on and off with 5-ms raised-
cosine amplitude ramps, like the tone. Onset ramps of the tone
were synchronous with offset ramps of the noise, and vice versa,
so that the total duration of a noise presentation was 140 ms. Each
noise band resulted from the addition of 81 sinusoids with equal
amplitudes, random initial phases, and a frequency spacing of 5
cents.

The expected effect of the noise bands was to elicit a conti-
nuity illusion in the perception of the tones (Houtgast, 1972; see
Fig. 4D). Making the tones perceptually continuous was intended
to create, in ALTnoise, an illusory simultaneity of T1 and T2+T3.
Carlyon et al. (2002) and Heinrich et al. (2011) produced a sim-
ilar illusion with two-formant vowels in which the formants al-
ternated in time; they showed that the simultaneity illusion could
improve vowel identification. We verified by three different ex-
periments, reported in Section 4, that T1 and T2+T3 were per-
ceived as continuous and simultaneous in ALTnoise as well as SIM-
noise.> This being admitted, suppose that in both of these condi-
tions mistuning was detected using an analytic strategy and ex-

3 Audio examples of ALTnoise and SIMnoise sequences possibly used in experi-
ment 2 are provided in the supplementary material.
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noise, and ALTnoise_v2 conditions. D: Schematic of the continuity illusion, which
was elicited in the ALTnoise and SIMnoise conditions, but not the ALTnoise_v2 con-
dition.

plicit pitch comparisons between the illusory percepts evoked by
T1 and T2+T3. Performance was then expected to be the same in
the two conditions. By contrast, if in the SIMnoise condition mis-
tuning was detected using a fusion cue, more efficient than explicit
pitch comparisons, then it was expected from previous research by
Darwin (2005) that performance would be poorer in ALTnoise than
in SIMnoise. Darwin (2005) demonstrated that, in the auditory sys-
tem, the continuity illusion is generated at a higher (more central)
level than that at which harmonic fusion takes place; this implies
that the illusory simultaneity perceived in ALTnoise is not sufficient
for harmonic fusion; the real simultaneity occurring in SIMnoise (or
SIM) is necessary.

In experiment 2, unlike in experiment 1, mistuning magnitude
did not depend on condition. For a given listener, this parame-
ter took two different values, A and A/2. In every block of tri-
als, each of these mistuning magnitudes was used on 10 trials for
each mistuning sign, and the four corresponding sets of trials were
randomly shuffled. A was varied across listeners in order to mini-
mize floor and ceiling effects. It had a mean value of 85 cents and
ranged from 48 to 160 cents. For each listener, its value was cho-
sen after a preliminary experimental session including the pretest
and about 120 practice trials in each of the four conditions. The ex-
periment proper consisted of 800 trials in each condition, and was
run in five sessions of about 75 min each. Every session consisted
of four series of four blocks of trials (one block in each condition);
within each series, the four conditions were randomly ordered.

Table 1 indicates that 12 listeners (mean age: 22.7 y; range: 19-
25) completed the experiment and that none of them had been
previously tested in another experiment. In the pretest, listeners
had to perform with P, > 0.70 for A = 100 cents in condition SIM.
Only one of the preselected listeners was unsuccessful.

3.2. Results and discussion

Fig. 5A shows the global effect of condition on d’, and Fig. 5B
shows the effect of mistuning sign and relative magnitude in each
condition. A repeated-measures ANOVA using as factors condition
type (SIM/SIMnoise vs. ALT/ALTnoise), noise (present vs. absent), and
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mistuning sign (positive vs. negative) indicated that each of these
factors had a significant effect (condition type: F(1, 11) = 131.4; p
< 1076; 2 = 0.25; noise: F(1, 11) = 9.36; p = 0.011; % = 0.03;
mistuning sign: F(1, 11) = 29.0; p = 0.0002; n? = 0.27). There
was also a significant interaction between condition type and noise
(F(1, 11) = 10.0; p = 0.009; % = 0.03) and between condition type
and mistuning sign (F(1, 11) = 8.9; p = 0.013; n% = 0.01). In con-
trast, there was no significant interaction of noise and mistuning
sign (F(1, 11) < 1) and the three-way interaction was also not sig-
nificant (F(1, 11) = 3.3; p = 0.096; n% < 0.01).

Although the interaction of condition type and mistuning sign
was significant, Fig. 5B indicates that mistuning sign (as well as
mistuning relative magnitude) had a similar effect in the four con-
ditions. As in experiment 1, negative mistunings were better de-
tected than positive mistunings in each condition (t(11) > 2.8;
p < 0.017; Cohen’s d, > 0.8). More importantly, an examination
of the individual AMD values (d’meg — d’pos) Tevealed, as in exper-
iment 1, high correlations between all conditions with respect to
this variable (r > 0.64; p < 0.014; see Fig. 5C).

Mistuning detection was markedly better in SIM than in ALT
(t(11) = 7.4; p < 10%; Cohen’s d, = 2.1). Crucially, performance
was also definitely better in SIMnoise than in ALTnoise (t(11) = 8.1;
p = 10~>; Cohen’s d, = 2.3), despite the fact that T1 and T2+T3
were perceived as continuous and simultaneous in both of these
conditions. The latter result indicates that the real simultaneity oc-
curring in SIMnoise allowed listeners to use an efficient subjec-
tive cue which was unavailable when simultaneity was illusory.
The cue in question is presumably fusion. This conjecture is sup-
ported by the findings of Darwin (2005), demonstrating as men-
tioned above that the continuity illusion is generated more cen-
trally than harmonic fusion in the auditory system. The superiority
of performance in SIMnoise shows that in this condition listeners
did not use an analytic strategy and explicit pitch comparisons be-
tween T1 and T2+T3. If so, this strategy was very unlikely to be
used in SIM, because in SIM the common onsets and offsets of T1
and T2+T3 discouraged analytic listening.

The accuracy of mistuning detection was not significantly differ-
ent in ALTnoise and ALT (t(11) = 0.5; p = 0.60). This supports the
idea that in ALTnoise, as in ALT, listeners made explicit pitch com-
parisons. However, d’ was significantly smaller in SIMnoise than in
SIM (t(11) = 3.2; p = 0.008; Cohen’s d; = 0.9). In SIMnoise, there-
fore, the noise had a deleterious effect, which can be understood as
a distraction effect or a partial forward masking effect. It is reason-
able to think that in ALTnoise as well, performance was adversely
affected by a distracting and/or masking effect of the noise. Yet, d’
was not smaller in ALTnoise than in ALT; moreover, the difference
in d’ between ALT and ALTnoise was reliably smaller than the differ-
ence between SIM and SIMnoise, as indicated by the significant in-
teraction of factors condition type and noise in the outcome of the
ANOVA. It thus seems that, in ALTnoise, the negative impact of the
noise was compensated by a benefit of the continuity/simultaneity
illusion. This hypothesis was tested in experiment 5.

4. Experiments 3-5: confirmations of the simultaneity illusion
4.1. Experiment 3

To check that T1 and T2+T3 were perceived as simultaneous
in ALTnoise, we firstly verified that the noise bands were of a suffi-
ciently high level to elicit a continuity illusion. In experiment 3, the
12 listeners who had completed experiment 2 were presented with
ALTnoise and SIMnoise sequences in which the level difference be-
tween the noise bands and the tones (+8 dB in experiment 2) was
now adjustable. The task was to set the noise bands (as a whole) to
the level just sufficient for the continuity illusion. In the sequences
used during a given adjustment, T1 and T2 were exactly 1 octave
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Fig. 5. Results of experiment 2. A: Mean of d’ across listeners as a function of condition; the error bars represent + 1 standard error of the means. B: Same data as A, but
we show here the effects of mistuning sign (positive or negative) and mistuning magnitude (A or A/2) in each condition; A varied across listeners. C: Pearson’s correlations
between the four conditions with respect to the individual AMD values; the p values (one-tailed) are adjusted using the Holm correction for multiple testing (6 tests).

apart and T1 had a fixed frequency, randomly drawn between 300
and 600 Hz. T1, T2 and T3 had the same SPL as in experiment 2,
i.e.,, 45 dB for T1 and 39 dB for T2 and T3. The relative level of the
noise bands could be varied from -5 to +15 dB, by steps of + 1 or
3 dB. After the presentation of a sequence, the listener could re-
play it without any change or with a one-step change in the noise
relative level; this was done ad libitum, by mouse clicks on five vir-
tual buttons. The initial relative level of the noise was selected at
random within the range of the possible adjustments. Five adjust-
ments were made by each listener in each of the two conditions
(SIMnoise and ALTnoise).

Fig. 6 shows each listener’s mean adjustment in each condition.
There was no significant effect of condition (t(11) = 1.5, p = 0.17).
The highest of the listeners’ mean adjustments was +7.0 dB. This
was 1 dB below the relative level used in experiment 2, which was
therefore sufficient to elicit the continuity illusion.

4.2. Experiment 4

Experiment 4 stemmed from the reasoning that if, in ALTnoise
and SIMnoise, the tones were heard as similarly continuous and si-
multaneous, an ALTnoise sequence might easily be mistaken for a
SIMnoise sequence, whereas an ALT sequence should not be mis-
taken for a SIM sequence. The 12 listeners who had completed ex-
periment 2 were therefore requested, soon after this experiment,
to perform a test in which, on each trial, they were presented
with a single sequence belonging, pseudo-randomly, to the SIM,
ALT, SIMnoise, or ALTnoise category, and the task was to identify
the sequence category. Listeners were given an instruction sheet
on which the sequences of each category were schematized and
the categories were numbered from 1 to 4; these numbers served
as responses. In each presented sequence, T1 and T2 were exactly
1 octave apart and the frequency of T1 was randomly drawn be-
tween 300 and 600 Hz. For each listener, 100 trials were run, in
which each of the four categories was selected 25 times; these
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Fig. 6. Results of experiment 3. Each oblique line segment indicates the mean of
the relative level adjustments made by a given listener in each of the two condi-
tions. Dots represent means of the individual results. The horizontal blue segment
indicates the relative level actually used in experiment 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

four sets of 25 trials were randomly shuffled. No feedback about
response accuracy was provided.

The obtained confusion matrix is displayed in Table 2. SIM and
ALT sequences were almost always correctly identified. However,
SIMnoise sequences were assigned to the ALTnoise category on 16%
of trials, and ALTnoise sequences were assigned to the SIMnoise cat-
egory on 41% of trials. Remarkably, these confusions occurred even
though the SIMnoise and ALTnoise sequences differed from each
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Table 2

Performance of the group of listeners tested in experiment 4.
Overall, each of the four sequence categories (SIM, ALT, SIM-
noise, and ALTnoise) was used on 300 trials (25 trials per lis-

tener).
PRESENTED
SIM 298 2 0 0
ALT 4 296 0 0
SIMnoise 0 0 253 47
ALTnoise 0 0 123 177
SIM ALT SIMnoise  ALTnoise
RESPONSE

251 \\ :
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Condition

Fig. 7. Results of experiment 5. Line segments indicate the performance of each
listener in each condtion. Dots represent means of the individual results.

other with respect to the timing of the noise bursts and could thus
be identified on this basis alone. We cannot estimate the contri-
bution of the latter cue to listeners’ performance, but the experi-
mental results provide clear evidence that listeners perceived con-
tinuous and simultaneous tones in both SIMnoise and ALTnoise se-
quences.

4.3. Experiment 5

In experiment 5, mistuning detection was measured in two
conditions: the ALTnoise condition of experiment 2 (Fig. 4A) and
a modified version of this condition, called ALTnoise_v2 (Fig. 4C).
The only difference between the two conditions was that in AL-
Tnoise_v2 the noise bursts had a shorter duration and no longer
filled the intervals separating successive tone presentations: each
noise burst (still gated on and off with 5-ms ramps) had a total
duration of 100 ms, instead of the 140-ms duration used in ALT-
noise; the noise bursts were therefore separated from the tones by
15-ms silent intervals; this destroyed the continuity/simultaneity
illusion.

A was fixed at 100 cents. The experiment consisted of 320 tri-
als (8 blocks of 40 trials) in each of the two conditions. It was run
in a single session of about 1 h, during which the two conditions
alternated from block to block. It was completed by 10 listeners
(mean age: 22.6 y; range: 19-25; see Table 1). The pretest required
listeners to perform with P. > 0.70 for A = 100 cents in the SIM-
noise condition of experiment 2. Five of the preselected listeners
were unsuccessful.

Fig. 7 shows the global performance of each listener in each
condition. Mistuning detection was significantly poorer in ALT-
noise_v2 than in ALTnoise (t(9) = 2.9; p = 0.018; Cohen’s d, = 0.9).
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Since the distracting and/or masking effect of noise was unlikely to
be larger in ALTnoise_v2 than in ALTnoise, the advantage of ALTnoise
can reasonably be interpreted as a benefit of the simultaneity illu-
sion. However, this advantage was small (a 22% difference in d’, on
average). Its small size, together with the much larger size of the
advantage of SIMnoise over ALTnoise in experiment 2 (Fig. 5A), sug-
gests that the simultaneity illusion had at most a minor positive
effect on performance in experiment 2.

5. Experiment 6: the effect of frequency register on mistuning
detection

5.1. Rationale and method

In the experiments described above, mistuning detection was
investigated in a limited frequency register: the frequency of T1
varied between 300 and 600 Hz. Experiment 6 essentially repli-
cated the ALTnoise and SIMnoise conditions of experiment 2 with
two new ranges of T1 frequency: a "low" register, 200-300 Hz,
and a "high" register, 1200-1800 Hz. In the low register, there
was no a priori reason to expect results very different from those
of experiment 2. However, previous research suggested that very
different results could be obtained in the high register. Sensitiv-
ity to mistunings of one harmonic in a complex tone has been
found to strongly deteriorate when the harmonic exceeds about
1000 Hz (Demany and Semal, 1988, 1990; Hartmann et al., 1990;
Demany et al.,, 1991; Gockel and Carlyon, 2018). In contrast, the
precision of melodic octave adjustments by musicians remains ap-
proximately constant as long as the higher tone does not exceed
about 4000 Hz (Ward, 1954; Demany and Semal, 1990). In our
high register, therefore, it could be expected that sensitivity to OPA
would be keener than sensitivity to harmonicity, and would no
longer be linked to the phenomenon of harmonic fusion. Instead,
OPA might be the outcome of a musical acculturation process, im-
printing in memory a melodic octave template determined by fac-
tors unrelated to auditory physiology.

The ALTnoise and SIMnoise sequences of experiment 6 differed
from those of experiment 2 mainly with respect to frequency reg-
ister. However, other modifications were made.* First, whereas in
experiment 2 the sequences always began as shown in Fig. 4, with
T1 before T2+T3 for an ALTnoise sequence and tones before noise
for a SIMnoise sequence, this was no longer true in experiment 6.
On each trial, instead, a random choice was made between the two
possible orderings of T1 and T2+T3 (for ALTnoise sequences) or
tones and noise (for SIMnoise sequences); the same ordering was
used for the two sequences of a given trial. We also increased the
number of cycles in each sequence, from 4 to 6. Unlike in experi-
ment 2, the SPL of the tones was now 60 dB for T1 and 57 dB for
T2 and T3. The level of the noise bands associated with each tone
was still higher than the tone level by 8 dB. Each sequence was
mixed with continuous and wideband (100 Hz-10 kHz) threshold-
equalizing noise (TEN; Moore et al, 2000). The TEN was set at
59 dB SPL. As a result, the sensation level of the tones in each
frequency register was nominally 19 dB for T1 and 16 dB for T2
and T3. This was established by preliminary measurements (in 13
listeners) of the detection threshold of a 1-kHz and 130-ms tone in
the TEN. In these preliminary measurements, the detection thresh-
old was defined as the SPL giving P. = 0.75 in a two-interval
forced-choice procedure.

Trials were organized as in experiment 2, except that here the
two sequences presented on a given trial were separated by a
silent pause of 800 ms. In every block of trials, mistuning mag-
nitude took again two different values, A and A/2; each of these

4 Audio examples of ALTnoise and SIMnoise sequences possibly used in experi-
ment 6 are provided in the supplementary material.



L. Demany, G. Monteiro, C. Semal et al.

Hearing Research 404 (2021) 108213

3.0 T T
A B i SIMnoise high ALTnoise high
’ Mistuning sign:
2.0 4 F ® negative 1
1.50 - d’ O positive
Condition: 15F 4 F 1
1.25} 7] siMnoise 1.0 17T 1
d/ D AL Tnoise 0.5F / 1L /6 4
1001 % 2/2 A 0 /2 A
Mistuning magnitude Mistuning magnitude
3.0 T T T T
0.75 1 - SiMnoise low - ALTnoise low
050} | 17 I
1.5F 1F 1
0.25¢ 1.0 1T 1
-l Il f .
0.00 low high 00 A/2 A 0 A/2 A
) Mistuning magnitude Mistuning magnitude
Frequency register
2 T T T 3 —r—TT
C o |
x| ° 1 &
< %8 %o <t ?§° ° |
o o
% ol 0% 5 J 3 ok Qo % J
é o S o
= S} .
- 1 =
r=0.77, p=0.00008 <X_,} r=067 p=0.0006
2 R R e oo 12 3

SIMnoise low

SiMnoise high

Fig. 8. Results of experiment 6. A: Mean of d’ across listeners as a function of condition (SIMnoise or ALTnoise) and frequency register; in the "low" and "high" registers,
the frequency ranges of tone T1 were 200-300 Hz and 1200-1800 Hz, respectively; the error bars represent + 1 standard error of the means. B: Same data as A, but we
show here the effects of mistuning sign (positive or negative) and mistuning magnitude (A or A/2) in each condition and register; A varied across listeners; regarding the
framed data point in SIMnoise low, see Footnote 5. C: Scatter plot of the individual AMD values obtained in the two conditions, for each register; the r values are Pearson’s
correlations; the p values (one-tailed) are adjusted using the Holm correction for multiple testing (2 tests).

mistuning magnitudes was used on 10 trials for each mistuning
sign, and the four corresponding sets of trials were randomly shuf-
fled. A did not depend on condition or frequency register, but
was varied across listeners in order to minimize floor and ceil-
ing effects. A was kept unchanged in the course of the experi-
ment proper, except for three listeners for whom A was modified
once, between two sessions. Overall, A had a mean value of 74
cents and ranged from 36 to 130 cents across listeners. The ex-
periment proper consisted of 480 trials in each of the four com-
binations of condition and register. It was run in six sessions of
about 1 h each. Half of the sessions were devoted to the SIMnoise
condition and the other half to the ALTnoise condition; the SIM-
noise sessions were the odd-numbered sessions for half of the lis-
teners, and the even-numbered sessions for the other half. Within
each session, the two frequency registers alternated from block to
block.

As indicated by Table 1, the experiment was completed by 20
listeners (mean age: 21.0 y; range: 19-24). Only three of them
had been previously tested in another experiment reported here,
but 10 other listeners had previous experience with the detec-
tion of octave mistunings. Before the experiment proper, a listener-
dependent number of sessions were run to provide practice and
to determine the experimental A. For the novice listeners, there
were generally four preliminary sessions, including overall more
than 1000 trials. The pretest required listeners to perform with P.
> 0.70 for A = 130 cents in at least one frequency register for the
SIMnoise condition. Five of the preselected listeners were unsuc-
cessful.

5.2. Results and discussion

Fig. 8A shows the global effects of condition and register on
mistuning detection performance, and Fig. 8B shows how perfor-
mance depended on mistuning sign and relative magnitude. The
data were submitted to a repeated-measures ANOVA using as fac-
tors condition, register, and mistuning sign. Each of these factors
had a significant main effect (condition: F(1, 19) = 39.1; p < 1075;
n? = 0.08; register: F(1, 19) = 10.6; p = 0.004; n? = 0.04; mis-
tuning sign: F(1, 19) = 39.5; p < 1075; 2 = 0.22). The ANOVA
also revealed, more importantly, a highly significant interaction be-
tween condition and register (F(1, 19) = 59.8; p < 10~%; 52 = 0.10)
and a reliable interaction between register and mistuning sign (F(1,
19) = 6.7; p = 0.018; n? = 0.02). In contrast, there was no signif-
icant interaction between condition and mistuning sign (F(1, 19)
< 0.1) and no significant three-way interaction (F(1, 19) = 0.4,
p = 0.56; n% < 0.01).

Fig. 8A indicates that, in the low register, performance was
markedly better in SIMnoise than in ALTnoise (t(19) = 84; p <
10-5; Cohen’s d; = 1.9), as was found in experiment 2. In the
high register, by contrast, there was no significant effect of con-
dition (£{(19) = 0.76; p = 0.46). ALTnoise performance was similar
in the two registers (¢(19) = 1.9; p = 0.067), whereas SIMnoise
performance was markedly better in the low register (t(19) = 6.3;
p = 10~%; Cohen’s d, = 1.4). These results strongly suggest that
listeners used a fusion cue in SIMnoise when the register was low,
and made explicit pitch comparisons in ALTnoise regardless of reg-
ister. The cue used in SIMnoise when the register was high is more
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uncertain. A plausible possibility is that listeners used a fusion cue,
as in the low register, but less efficiently because sensitivity to har-
monicity was poorer. Alternatively, in spite of the real simultaneity
of T1 and T2+T3, it may be that explicit pitch comparisons were
feasible and more efficient than the (impoverished) fusion cue in
this register.

Once more, negative mistunings were better detected than pos-
itive mistunings (see Fig. 8B).” This was true in each condition for
each register (¢(19) > 4.0; p < 0.0007; Cohen’s d; > 0.9). How-
ever, the AMD was more pronounced in the high than in the
low register. This is reminiscent of the fact that the "octave en-
largement" observed in experiments requiring listeners to adjust
melodic octaves was generally stronger at high than at low fre-
quencies (Ward, 1954). As in experiment 2, a significant correla-
tion was found between the individual AMD values in SIMnoise and
AlTnoise. Fig. 8C indicates that this was true in the high register
(r = 0.67; p = 0.0006) as well as the low one (r = 0.77; p < 1074).

Overall, the results of this experiment are consistent with the
idea that OPA was intimately linked to harmonic fusion in both fre-
quency registers. For the higher register, where performance level
was similar in the two conditions, we cannot exclude the possibil-
ity that listeners based their responses on explicit pitch compar-
isons in both conditions, rather than in ALTnoise only. However, it
is important to note that the data displayed in the ALTnoise high
panel of Fig. 8B are strikingly similar to those displayed in the ALT
and ALTnoise panels of Fig. 5B, concerning experiment 2. The sim-
ilarity of the data obtained in the two ALTnoise conditions can be
quantified in terms of Pearson’s correlation: r = 0.9946. This al-
most perfect correlation strongly suggests that OPA had the same
origin in the two registers.

6. General discussion

In the present study, we investigated the perceptual detectabil-
ity of octave mistunings via two subjectively quite different cues:
OPA (for tones presented sequentially) and harmonic fusion (for
tones presented simultaneously). Our results demonstrate, in a
population of musically educated Western listeners, the existence
of an intimate link between OPA and harmonic fusion. Since har-
monic fusion undoubtedly originates from physiological processes
taking place in every human auditory system, we are led to the
conclusion that OPA is also based, at least in part, on biology.
Even for listeners who have explicitly learned the rules of Western
music, in which tones one octave apart are treated as equivalent
sounds, it appears that the melodic octave, as a perceptual entity,
is largely defined by basic auditory mechanisms, involved in the
perception of any periodic sound, rather than by a cultural norm.
This finding clearly disqualifies a purely culturalist conception of
OPA. Previous evidence against that conception was provided by
the observation of OPA in 3-month-old infants (Demany and Ar-
mand, 1984). However, as pointed out in the Introduction, there
is also evidence that in adult listeners sensitivity to OPA depends
on the musical environment and musical practice (Allen, 1967;
Demany and Armand, 1984; Jacoby et al., 2019). It thus seems that
sensitivity to OPA can be largely promoted, or preserved, by appro-
priate cultural factors, even though these factors do not generate
OPA ex nihilo. Demany and Armand (1984) suggested that sensi-
tivity to OPA is strong in infancy but, like some other perceptual
abilities, decreases with age in the absence of appropriate cultural

5 In one of the four panels of Fig. 8B (SIMnoise low), one of the four data points is
framed. For the corresponding sub-condition, a ceiling effect (P. = 1) was obtained
in two of the 20 listeners. In these two cases, d’ was set to 3.73, as if the listener
had made 0.5 error during the 120 trials. There was no other ceiling effect in the
experiments reported here.
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factors. The results reported here provide no information about the
salience of OPA in the general population.

At odds with the present work, three previous studies in which
OPA and harmonic fusion were examined in the same listeners
suggested at first sight that these two phenomena are not directly
related. In one of these studies (Bonnard et al., 2016), the percep-
tion of 11 frequency ratios, ranging from 0.96 to 1.04 octave, was
investigated using stimuli consisting of simultaneous or successive
pure tones. On each trial, two stimuli, representing two different
frequency ratios, had to be compared; the task was to indicate
which stimulus evoked the stronger sensation of fusion (for si-
multaneous tones) or pitch affinity (for successive tones). Unlike
in the present study, both stimuli generally consisted of mistuned
octaves because, from trial to trial, the 55 possible combinations
of two different frequency ratios were used equally often. For si-
multaneous tones, maximum fusion was found to occur for a ratio
very close to exactly 1 octave and fusion appeared to decrease less
steeply above this peak than below it. For successive tones, the ob-
tained pattern also had an inverted-V shape, but it was different:
its peak occurred for a ratio significantly larger than 1 octave, and
its upper flank was steeper than the lower flank. One possible ex-
planation of this difference is that when the tones were successive,
the fact that both of the stimuli presented on a trial were gener-
ally mistuned led the listeners to base their responses not on pitch
affinity per se but rather on an esthetic preference. In the range of
frequency ratios producing a subjectively acceptable melodic oc-
tave, the aesthetically optimal octave may well be the upper limit
of the range rather than its central value (Rakowski, 1990).

In another study (Bonnard et al., 2013), the listeners’ task was
to discriminate a frequency ratio of 0.97 octave from larger "tar-
get" ratios. For simultaneous pure tones, the obtained psychomet-
ric functions were non-monotonic: as the target ratio varied from
0.98 to 1.04 octave, discrimination performance initially increased,
then decreased, and finally increased again; performance was bet-
ter when the target was exactly 1 octave than when the target was
slightly larger. These results indicated that detectable octave mis-
tunings with opposite signs were perceptually difficult to distin-
guish from each other. For successive pure tones, in contrast, the
psychometric functions were monotonic; this was consistent with
previous research indicating that it must be possible to identify the
sign of a melodic octave mistuning as long as this mistuning is
detectable (Dobbins and Cuddy, 1982). The non-monotonicity ob-
served with simultaneous tones could not be explained by the de-
tection of beats resulting from peripheral interactions of the tones.
It was instead due, presumably, to the use of a fusion cue by the
listeners. Bonnard et al. (2013) thus suggested that the perception
of the melodic octave is not directly linked to the phenomenon of
harmonic fusion. We will show below that a different interpreta-
tion of their results is possible.

The third previous study in which OPA and harmonic fusion
were investigated jointly (Demany and Semal, 1990) required lis-
teners to perform repeated octave adjustments for pairs of simul-
taneous or alternating pure tones. Demany and Semal measured,
in each condition, the precision of each listener’s adjustments by
computing the adjustments’ standard deviation within each exper-
imental session. The frequency of the lower tone (f;) was varied
from 270 to 2000 Hz. When the tones were alternating, listeners’
precision was not strongly dependent on f;. However, when the
tones were simultaneous, precision was markedly poorer for high
than for low f; values. Above 1 kHz, precision was much poorer
for simultaneous tones than for alternating tones. The data thus
suggested that increasing f; disrupted sensitivity to harmonicity
without affecting sensitivity to OPA. Demany and Semal consid-
ered this as evidence that OPA is not directly related to harmonic
fusion. Here, in experiment 6, we obtained results which are in
important respects consistent with those of Demany and Semal,
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but performance was never significantly poorer in SIMnoise than
in ALTnoise. We argued above that even in the high frequency reg-
ister of experiment 6, OPA may be linked to harmonic fusion. If
that is true, however, it remains to be explained why sensitivity
to OPA and sensitivity to harmonicity are not affected similarly by
frequency register, as suggested by both the present results and
those of Demany and Semal (1990). We come back to this issue
below.

How could OPA and harmonic fusion be linked? The physiolog-
ical basis of perceptual sensitivity to harmonicity is still a topic of
speculation. A currently popular scenario is the "autocorrelation”
model (Licklider, 1951; Meddis and Hewitt, 1991; Cariani, 2001,
2019; de Cheveigné and Pressnitzer, 2006; Balaguer-Ballester et al.,
2007; see also Patterson, 1986). This model is based on the fact
that the spikes elicited by a pure tone in an auditory nerve fiber
are precisely phase-locked to the tone waveform, as long as the
tone frequency does not exceed some limit (Rose et al., 1967). Due
to this phase-locking, consecutive spikes are separated by time in-
tervals nearly equal to the period of the tone and integer multiples
of the period. This temporal encoding of frequency deteriorates at
higher levels of the auditory system, and no longer exists at the
cortical level beyond about 250 Hz (Wallace et al., 2002). However,
the precise spike sequences observable peripherally could in theory
be subjected to a neural autocorrelation, recoding the temporal in-
formation into place information at a more central site (hereafter
called "C"). For a pure tone with frequency f, the expected outcome
of autocorrelation in site C is a set of excitations at places charac-
terizing f and subharmonics of that frequency (f/2, f/3, f/4, etc.). If
the stimulus consists of two simultaneous pure tones with a sim-
ple frequency ratio such as 2:1 or 3:2, these two tones will elicit
sequences of spikes in separate groups of auditory nerve fibers,
due to cochlear spectral analysis, but their respective autocorre-
lations should result in excitations at common places in site C.
Such spatial coincidences are a potential explanation of sensitivity
to harmonicity.

In the autocorrelation model, sensitivity to harmonicity does
not require any learning process. By contrast, Terhardt (1974) and
Schwartz et al. (2003) supposed that exposure to spectrally rich
periodic sounds is a prerequisite. Shamma and Klein (2000) pro-
posed a model in which it is also supposed that a learning process
is involved, but exposure to noise is sufficient; the learning phase,
therefore, could in principle occur entirely before birth. The as-
sumed learning process is based on temporal coincidences beween
spikes elicited in separate cochlear channels. As these temporal
coincidences require neural phase-locking, the model implies, ex-
actly like the autocorrelation model, that sensitivity to harmonicity
is limited by the strength of neural phase-locking. The outputs of
the two models in response to a tonal stimulus are in fact essen-
tially the same, and therefore both models explain sensitivity to
harmonicity in fundamentally the same way.

All the subharmonics of frequency f are also subharmonics of 2f.
Thus, a sum of two pure tones one octave apart should excite site C
at a set of places which is identical to the set excited by the higher
tone alone. This can account for the perceptual fusion of the tones.
If the tones are presented sequentially rather than simultaneously,
the detection of commonality between their representations in C
will be possible if activations of C can be memorized. We hypoth-
esize that the required memory exists and leads to the perception
of OPA. Importantly, our study shows that the memory in question
must be distinct from conscious memory for pitch. In the ALTnoise
conditions of our experiments, the listeners perceived, during each
noise burst, an illusory tone which was consciously undistinguish-
able from the real tone presented just before the noise burst. The
tones were perceived as simultaneous, exactly as in the SIMnoise
conditions. Nevertheless, performance in ALTnoise was markedly
worse than in SIMnoise (except at high frequencies). This suggests
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that the illusory tones were unable to activate site C, in contrast
with the real tones.

Consider a pair of simultaneous pure tones forming a slightly
mistuned octave. In site C, the slight mistuning should result in
imperfect superpositions of excitations, broader than the perfect
superpositions obtained in the absence of mistuning. This broad-
ening is plausibly the physiological cue permitting mistuning de-
tection. If so, one can understand why the sign (positive or neg-
ative) of a mistuning is not identifiable as soon as this mistuning
is detectable (Bonnard et al., 2013). In contrast, if the tones are
presented sequentially rather than simultaneously, a slight octave
mistuning is expected to be detectable in C as a set of small lo-
cal shifts of excitation, and the direction of these shifts should be
identifiable as soon as they are detectable.

If, as implied by the autocorrelation model and the model of
Shamma and Klein (2000), sensitivity to harmonicity is limited
by the strength of neural phase-locking, it should disappear at
high frequencies. We did observe this decay in the SIMnoise con-
dition of experiment 6. However, performance in ALTnoise was not
poorer in the high register than in the low one. This might be ex-
plained as follows. In the high register, the average frequencies of
tones T1 and T2 were about 1.5 and 3 kHz, respectively. It can
be reasonably assumed that, in humans, neural phase-locking is
weaker at 3 kHz than at 1.5 kHz (Verschooten et al., 2019). If
so, a local excitation of site C by a 3-kHz tone is expected to be
weaker than the excitation produced at the same place by a 1.5-
kHz tone. Thus, the former excitation is likely to be "swamped" by
the latter excitation if the two tones are presented simultaneously.
This should hinder the detection of octave mistunings. By contrast,
the swamping effect cannot occur if the tones are presented suc-
cessively. In that case, therefore, the limitation of mistuning de-
tection at high frequencies by neural phase-locking may be less
severe.,

Our study was focused on the asymmetry of the detection of
octave mistunings in various conditions. We paid special atten-
tion to individual differences regarding the asymmetry, and it ap-
peared that these individual differences were large. At the group
level, however, we found in every condition that octave com-
pressions were more detectable than octave stretchings. This sys-
tematic asymmetry remains to be explained. The "octave enlarge-
ment" previously observed in adjustments of melodic octaves is
likely to stem from the same source (in addition to purely es-
thetic factors). As mentioned in the Introduction, Terhardt (1971,
1974, 1987) proposed an explanation for the enlargement effect
but objections were raised against this explanation. McKinney and
Delgutte (1999) searched for a correlate of the enlargement in a
fine-grained analysis of auditory-nerve fibers’ responses to pure
tones, but they met with limited success (see especially, in this re-
gard, section IV.B.3 of their paper).

The present work has been concerned with the perception of
a single melodic interval, namely the octave. Is this melodic in-
terval perceptually unique? The scenario that we put forth to ex-
plain OPA implies that other melodic intervals defined by a small-
integer frequency ratio (e.g., the melodic fifth, 3:2) could also be
perceptually special due to physiological processes independent of
the cultural environment. However, this set of perceptually spe-
cial intervals cannot be large. It is unlikely to include an inter-
val such as the major second (nominally 9:8, or 21/6), which is
very frequently used in music throughout the world (Vos and
Troost, 1989; Kuroyanagi et al., 2019; Mehr et al., 2019). Thus,
the impact of sensitivity to harmonicity on the production and
perception of typical musical melodies is certainly limited. Never-
theless, our findings compellingly suggest that the universality of
the octave in the construction of musical scales is at least partly
due to the biological underpinnings of harmonic fusion and pitch
perception.
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