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Abstract: Musical notes separated by exactly one or more octaves share similarities and, in some respects, might be treated
as interchangeable. This octave equivalence is sometimes evident, but in many contexts, is very hard to hear. In two large
experiments, participants were asked to judge the similarity of tone pairs, presented sequentially, before and after octave
equivalence training. Contrary to some prior research on the topic, it was clearly explained what sort of “similarity” they
should rate tone pairs on (i.e., octave equivalence). Each pair consisted of either two tones of the same pitch class but
separated by one or more octaves, or two tones of adjacent pitch classes also separated by one or more octaves (+1
semitone). Coherent with past work, this task was difficult. However, both musician and nonmusician samples scored above
chance in this task at pretest. Also interestingly, performance improved after training. During the training task, participants
also heard pairs of tones but were given the correct response to facilitate learning. Pretest performance and improvements
for both groups were not substantial, however, again illustrating the difficulty of hearing octave equivalence, depending on
the exact context. Potential relationships to relative and absolute pitch are also briefly discussed.
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In music, a pitch class is a set of all pitches that are
separated by a whole number of octaves. For example, the
pitch class “F” (or “fa” in fixed-do solfége) consists of the F
notes across all octaves. An F3 and an Fy, for example, are
both F notes, but separated by an octave. In particular, in
music, the 12 notes (e.g., C, C#, D, D¢, E, etc.) are repeated
in a circle, as often represented (e.g., Deutsch et al., 2006)
with a pitch class circle like that illustrated in Figure 1A.
For example, if we start with C; and keep increasing the
pitch, we will eventually reach another (higher) C (i.e., Cy).

Every musical note therefore has two dimensions that
are critical for the current discussion (Demany & Armand,
1984). First, the pitch height, which continuously increases
from very low notes to very high notes. Second, the pitch
class, which is cyclic. If we combine these two dimensions
into a single graphic, the pitch helix as illustrated in
Figure 1B (adapted from Shepard, 1982), we can see that
the pitch heights keep increasing as we move upward, but
every 12 notes, the pitch classes repeat (Deutsch et al.,
2008; Shepard, 1964, 1982). These two dimensions are not
equally obvious to the listener. The pitch height is very
prominent, while the pitch class is often less obvious,
particularly for nonmusicians (Marjieh et al., 2023). For
example, if A; and A, are played in succession, it is very
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easy to hear that the second of these two tones is higher in
pitch than the first, but it is much harder to hear that they
both belong to the same pitch class (i.e., “A”).

Why do we group different notes in the same pitch class?
That is, why do we give the same name to very different
notes (e.g., “G” for two notes separated by one or more
octaves)? This, of course, is because there are similarities
between all notes within the same pitch class. In some
cases, they can even be interchangeable, termed octave
equivalence. Indeed, various findings suggest that, at least
in some circumstances, the octave is special. For instance,
when young children imitate speech sounds outside of
their vocal range, they imitate one octave higher (Peter
et al., 2008, 2009), a type of octave equivalence. There is
also evidence to suggest that human males and females
have voices roughly an octave apart because of musicality
(Bannan et al., 2024) and that we have harmonic clarity in
our vocalizations to support octave equivalence (Wagner &
Hoeschele, 2022), seemingly based on vocal apparatus
adaptations that are unique among primates, which might
imply that we need more effort to make sounds, but that
the sound is clearer as a result (Nishimura et al., 2022).

Octave equivalence does occur in some scenarios. For
instance, we can hear it clearly with notes played
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simultaneously due to fusion effects (e.g., Bonnard et al,,
2016; Demany & Semal, 1988; Demany et al., 2021).
However, octave equivalence is not always evident to the
ear. For example, Deutsch (1972) presented participants
with several versions of a familiar song. One of the ver-
sions was modified by retaining all the correct pitch
classes, but with random variations in octave. That is,
some notes were randomly transposed up one octave,
other notes down an octave, and others remained correct.
Recognition of the song is difficult in this situation (but see,
Dowling & Hollombe, 1977; Idson & Massaro, 1976;
Kallman & Massaro, 1979; Massaro et al., 1980; see also,
Deutsch, 1979). In this sense, “equivalent” notes are not
completely interchangeable. After hearing the normal,
unmodified version of the song, however, the modified
version becomes easily recognizable. In contrast, when
notes are randomly modified in scale degrees rather than
octaves, it remains difficult to hear the familiar melody.
Thus, equivalent notes can be perceived as equivalent, but
it may require some priming to focus on the pitch classes
rather than the pitch heights. In other words, different
notes separated by one or more octaves are equivalent in
some respects, but this is not always salient.

Other evidence further corroborates the notion that
“equivalent” notes are not treated as completely identical.
For example, Deutsch and Boulanger (1984) asked partic-
ipants to notate a random sequence of notes. When all the
notes were from a single octave, this task was significantly
easier than a task in which the notes alternated between two
octaves. Relatedly, detection of musical notes by ear is also
influenced not only by differences in pitch class but also
differences in pitch height. Specifically, adding one or more
octaves between two pitches makes the detection of in-
tervals more difficult (Thurlow & Erchul, 1977).
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Figure 1. Pitch Class Circle (A) and a
helix representation of the relation
between Pitch Height and Chroma (B).
Pitch height increases continuously.
Pitch class/chroma is cyclical, such
that pitch classes repeat every 12
semitones (i.e., a new octave).

Still, octave equivalence is detectable by participants
and can sometimes have rather automatic effects on
performance. For instance, in Hoeschele et al. (2012),
participants were trained to respond (press a key) when
they heard certain groups of notes, but to omit a response
when hearing other groups of notes (i.e., a go/no-go task;
Donders, 1868/1969). During this initial training, all notes
were from one octave only. In a subsequent nonreinforced
transfer phase, notes from the same pitch classes but a new
octave were presented to participants. The authors ob-
served a bias to press the key (go) or avoid responding (no-
go) to the same pitch classes in the new octave. Coherent
with the above discussion, however, further research
(Wagner et al., 2022) revealed that such results are only
observed when the manipulation discourages focus on
pitch height by creating at least three groups of adjacent
notes (e.g., responding to a group of the highest and of the
lowest pitch notes, but not intermediate pitches). The
authors argued that this increases focus on pitch class.
Further research has suggested that pitch height is de-
tected more automatically, whereas pitch class detection
might require working memory resources (Regev et al.,
2019).

Thus, it is clearly the case that octave equivalence is
sometimes perceived, although this is usually when a clear
context is given. However, the most direct test of octave
equivalence perception is to simply present participants
two tones and ask them whether they are equivalent or not.
More central to the current research, most participants,
especially nonmusicians, do not seem to perceive the
similarity between two pitches separated by one or more
octave, even when presented in immediate succession
(Allen, 1967; Kallman, 1982). For instance, Allen (1967)
presented participants with pairs of 200 ms tones, the first
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always being 1,000 Hz, separated by a 1,200 ms delay.
Participants were asked to judge the “similarity” of the
tone pairs on a seven-point Likert scale. “Similarity” was
not explained to participants. Rather, the objective was to
see whether participants would be spontaneously sensitive
to octave equivalence. Musicians did rate octave equiva-
lent tones as more similar than nonequivalent tones.
Nonmusicians did not show the same effect. In both a
similar task where participants had to pick between two
potential prime-equivalent pitches and in another task
where participants needed to adjust the frequency of a
second pitch to match a prime, only a minority of musi-
cians where able to achieve this above chance guessing
rates (Thurlow & Erchul, 1977).

In another study by Kallman (1982), two 165-ms sine
waves were presented sequentially, separated by 530 ms of
silence. Both the prime (first) tone and probe (second) tone
were randomly varied, with intervals between O and 28
semitones. As in Allen (1967), participants were asked to
rate the similarity between the two tones, except that
responses were made on a continuous slider. Both non-
musicians and musicians were clearly sensitive to pitch
height. Stimuli separated by a few semitones (e.g., 2) were
rated as more similar than stimuli separated by more
semitones (e.g., 4), and similarity scores decreased rather
linearly from O to 28. Nonmusicians, however, were not
sensitive to pitch class. Specifically, similarity scores were
not robustly higher for 12 semitone intervals (i.e., 1 octave)
relative to 11 or 13 semitones. The same was true for 24
semitone intervals (i.e., 2 octaves) relative to 23 or 25
semitones. That is, pitches belonging to the same pitch
class were not perceived as more similar than nonequiv-
alent tone pairs with similar intervals. Musicians, as a
group, did show some sensitivity to octave equivalence (see
also, Demany & Armand, 1984; Jacoby et al., 2019), with
slightly higher similarity scores for octave equivalents, but
this was due to a minority of participants with notably
higher sensitivity than most of the other musicians (the
latter of which showed no evidence of octave equivalence).
The results were somewhat more encouraging when the
range of stimuli and interval size were more limited, but
there was still no large equivalence effect (see also, Borra
et al., 2013).

The current research addresses two open questions.
First, are participants able to detect octave equivalent
tones when this goal is more explicit? As mentioned above,
participants were asked to rate the “similarity” of tone
pairs in prior work, but this was not defined for partici-
pants. It could be suggested, for instance, that participants
are perfectly capable of detecting octave equivalence but
decided not to make their similarity ratings on this basis.
For example, they might have intentionally used pitch
height cues, instead. Thus, participants are asked to rate
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the similarity of tones in the current work, but they are
explicitly instructed that they should base their decisions
on octave equivalence (which is first explained to them).
Second, are participants able to learn to detect octave
equivalence? After an initial pretest phase, participants
were trained in a learning task to distinguish between
octave equivalent pairs of tones and pairs of tones sepa-
rated by some number of octaves plus or minus one
semitone. We then measure their equivalence detection
abilities again in a posttest to determine to what extent
participants improve their ability to detect octave equiv-
alence, if at all.

Experiment 1

Experiment 1 was conducted in a classroom setting as part
of a first-year cognitive psychology tutorial. The experi-
ment started with a pretest of octave equivalence in which
participants needed to guess whether two tones were
similar (equivalent) or dissimilar (nonequivalent). This
phase was preceded by roughly 30 min of lecture about
what octave equivalence is, with several examples and a
discussion of much of the research mentioned in the in-
troduction of the present article. This lecture both served
to clarify which types of tone pairs should be considered
“similar” (see the introduction) and to clarify the theo-
retical context of the research for the group project that the
students needed to subsequently prepare for tutorial
evaluation. In a subsequent learning phase, participants
were presented with pairs of tones separated by one or two
octaves on half of the trials and one or two octaves plus or
minus one semitone on other trails. Critically, participants
were explicitly informed which pairs were equivalent and
which were not with a visual stimulus presented
throughout each trial. A posttest, identical in all respects to
the pretest, was then conducted to measure improvements
in detection of octave equivalence.

Method

Participants

410 first-year psychology students participated in the
experiment as part of a cognitive psychology tutorial
class. The tutorial was divided into 14 tutorial groups of
between 32 and 37 students and all participants were
tested in this group context. Nine participants who in-
dicated auditory problems were excluded. Two others
were excluded as they did not respond to the musi-
cianship and auditory problem questions (see Procedure).
The remaining sample consisted of 350 nonmusicians
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Table 1. Relative trial frequencies of prime—probe pairs in the learning phase of Experiment 1

Probe

Octave 3 Octave 4

Octave 5

Prime C C4 D D¢ E F F¢# G G¢# A A4 B C C# D D¢ E F F# G G¢ A A B C C¢

D

D¢ E F F# G G# A A2 B

Cs 12 1 12 1
Cés 1 2 1 12
Ds 12 1 1
D#s 17 2 1

Es 121

Fs 12 1

Fés 12 1

Gs 12 1

Gts 12 1

As 1 2 1

Atz 1T 2 1

Bs 1 121
Ca 2 1 12 1
Chs 1 2 1 12
Ds4 1 2 1 1
Dé4 12 1

Es 1 2 1

Fa 12 1

Fé, 12 1

Gs 1 2 1

Gés 12 1

A, 12 1

Aty 1 2 1

B4 1 12 1

Cs 2 1 12 1

Cis 1 2 1 1 2 1

Ds 1 2 1 12 1

Dis 12 1 12 1

Es 1 2 1 12 1

Fs 12 1 12 1

Fés 12 1 12 1

Gs 1 2 1 1 2 1

Gés 12 1 1 2 1

As 12 1 1 2 1

Ats 1 2 1 1 2 1

Bs 12 1 12 1

and 49 musicians. Basic behavioral research is exempt  from participation at any time without penalty, and they
from ethics review by law in France,! but all research was  signed an informed consent form before participating.
in conformance with the relevant ethics principles. Par-  Student names and numbers were not collected to keep

ticipants were free to refuse to participate or to withdraw  the data anonymous.

1
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LOI n°® 2012-300 du 5 mars 2012 relative aux recherches impliquant la personne humaine (often informally referred to as the “loi Jardé”).
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Materials and Apparatus

200-ms piano tones spanning the range C; to Bs were
generated in Ableton Live 11 Suite using the Grand Piano
Single Sample preset, each of which was used as both a
prime stimulus (i.e., the first presented tone) and a probe
stimulus (i.e., the second presented tone) on different
trials. As illustrated in Table 1, each of the 36 prime stimuli
had two corresponding octave equivalent stimuli for a total
of 72 unique octave equivalent prime-probe pairs (i.e., 36
semitone primes each paired with the remaining 2
equivalent probe tones). The same 36 prime stimuli had
four corresponding octave +1 semitone probes for a total of
144 nonequivalent pairs (i.e., half of which are presented
with a probe separated by a whole number of octaves
minus 1 semitone and half of which are presented with a
probe separated by a whole number of octaves plus 1
semitone). Note that the higher pitched tone of the pair
was presented equally often before and after the lower
pitched tone. During the learning phase, we presented
each octave equivalent pairing twice as often as each
nonequivalent pairing such that we had equal numbers of
each trial type. This is indicated by the numbers in Table 1,
which indicate the relative frequency of the presentation of
each pair during the learning phase, discussed further in
the Procedure section below. All visual stimuli were pre-
sented in 20 pt Courier New font. Visual stimuli were
presented on a projector screen in the front of a classroom
and auditory stimuli were presented via the loudspeakers.
Stimulus presentation and timing were controlled with an
offline PsyToolkit (Stoet, 2010, 2017) experiment (see OSF
link for scripts). Responses were coded on a paper by
participants (see Procedure).

Procedure

There were three main phases in the experiment. Before the
experiment started, however, students were given a brief
presentation about octave equivalence, both to give a context
for the subsequent group report that they needed to prepare
and to clarify the goal of the task (i.e., to make it clear what an
“equivalent” pairing means). An auditory example of
equivalent tones was presented (F, and Fs) twice early on in
the lecture. Students were also given a “mini experiment,”
similar to Deutsch (1972), in which they were asked to try to
identify a song (we used the popular French children’s song
Ah ! Les crocodiles), first using a version with random octave
shifted notes, then the original version, then the random
octave shifted version again. No data were collected for this
mini experiment. They also responded to two yes-or-no
screening questions on their paper-and-pencil response
grids (see below). The first was to measure musicianship
(translated from French: “Are you a musician?”) and the
second to screen participants with auditory problems (“Do
you have any auditory problems?”).

© 2025 Hogrefe Publishing

The timing of the main phases of Experiment 1 is il-
lustrated in Figure 2. The first main phase of the experi-
ment was the pretest to evaluate octave equivalence
perception prior to training. On each trial, participants
were presented with tone pairs. Each trial began with
200 ms of silence, followed by a note for 200 ms, then
400 ms of silence, and then the second note for 200 ms.
Between trials, there was another silence for 2,800 ms, the
time needed to code responses. There was no feedback
about the correct answer in this phase. Responses were
coded by participants in a table, as also illustrated in
Figure 2. Their task was to guess whether the two notes
were “similar” or “different” (clarified in the instructions
to mean “belonging to the same pitch class” or “belonging
to two different pitch classes,” respectively). There were
20 trials, presented in a pseudorandom order. Because
participants were tested in a group setting, fixed stimulus
orders needed to be generated for the test phases. Seven
different pretests and seven different posttests (discussed
below) were therefore created, each used for two groups of
participants. To generate these 14 test lists, 140 equivalent
pairs and 140 nonequivalent pairs were needed. All but 4
of the 144 possible nonequivalent pairs (see Materials and
Apparatus) were therefore used exactly once across
counterbalancing orders. All 72 of the equivalent pairs
were presented at least once, and all but four were pre-
sented twice across counterbalancing orders (but never
repeated for the same participant). See the OSF repository
for the exact orders used and the excluded pairs. For all
participants, half of the pairs of notes (10 trials) belonged
to the same pitch class, but were separated by one or more
octaves (e.g., C4 and Cs). The other half were not in the
same pitch class. About half of these nonequivalent pairs
were separated by one or more octaves minus a semitone
(e.g., F4 and Es), while the other half was separated by one
or more octaves plus a semitone (e.g., E4 and Fs). Whether
the higher or lower pitched tone was presented first or
second was also randomly varied. The trial number (1-20)
was indicated throughout the trial in the middle of the
screen (i.e., to help students keep track of the current trial
number in their response table). This initial phase was
conducted to test octave equivalence abilities prior to
learning (excluding the limited number of examples given
during the lecture, of course). The instructions for this
phase were as follows (translated from French):

In this phase, you will hear two notes on each trial, one
after the other. Your goal is to determine if the two
notes sound similar or different. In music, stepwise
increases in pitch change the pitch class (e.g., do, do#,
ré, ré4, etc.). However, if you keep increasing the
intervals, you will arrive at another note in the same
pitch class. For example: “do, re, mi, fa, sol, la, si, do”.

Experimental Psychology (2025), 72(4), 159-174
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Test 1 (Pretest) Test 2 (Posttest)

Test Phases Trial Stimilar ]::ifferent Trial ‘Similar Different
1 21
. . . 2 22
Silence Prime Silence Probe Response 3 23
[ 200ms | 200ms | 400ms | 200ms | 2800 ms ‘5‘ ;‘5‘
I J J T T > 5 =
N\ 7 27
8 28
9 29
10 30
18 > 11 31
12 32
13 33
J 7 5
16 36
17 37
18 38
Learning Phase 5 2

Silence Prime Silence Probe Silence
i 800 ms I200 ms | 400 ms i 200 ms i 400 ms -~
|

similar

~

| >

>

J

Figure 2. Stimulus and response timing in Experiment 1 and response tables (translated from French). Stimuli not to scale.

Note that the first and last notes are both called “do”.
These two notes are not identical, but similar. Your
goal is to determine if the two notes you hear sound
like they belong to the same pitch class (similar), or if
they sound different (different). This might be a
difficult task. Guess if you are not sure.

The second phase was the learning task. This task was
similar to the prior pretest phase, except that the correct
answer (“similar” or “different”) was written on the screen
(i.e., instead of the trial number). The timing was only
slightly different. Each trial started with a white screen for
800 ms, and then the first note was played for 200 ms. The
correct answer (“similaire” or “différent” in French) ap-
peared on the screen along with the first note and re-
mained on the screen for the remainder of the trial. Then,
there was a 400 ms silence, followed by the second note
for 200 ms, followed by a 400 ms silence. The task was
simply to read the correct answer. This is an incidental
learning phase (for a review, see Schmidt, 2021a, 2021c).
In other words, the explicit goal is simply to read the label
rather than to try to learn octave equivalence. There were
two blocks of 72 trials, presented in a random order,
separated by a pause (144 trials in total). Trials were

Experimental Psychology (2025), 72(4), 159-174

randomly selected (without replacement) from a list of
stimuli containing all 144 unique nonequivalent pairs once
and each of the 72 unique equivalent pairs twice (see
Table 1). The instructions for this phase were (translated
from French):

This phase is that same as the previous phase, except
that this time you do not need to guess. You will hear
two notes on each trial, but the correct response will
be presented on the screen. Your objective is simply to
read the correct response (“similar” or “different™).

Incidentally, there was no way to measure accuracy or
even active engagement in this phase (see Discussion
below for more on this).

The third and final phase was identical to the initial
pretest phase. This was the posttest phase to determine
whether participants improved their ability to detect the
similarity (or difference) between two notes (i.e., to detect
octave equivalence). Sensitivity (d') was calculated sepa-
rately for the pretest and posttest phases (see Data
Analysis section below). The entire experiment (excluding
the lecture before and after the experiment) lasted about
15 min.

© 2025 Hogrefe Publishing
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Data Analysis

Hits (i.e., responding “similar” for equivalent pairs) and
false alarms (i.e., responding “similar” for nonequivalent
pairs) were coded for each of the two test phases and
transformed into d’ scores. Scores of 0% or 100% hits or
false alarms were imputed with a .5/m correction
(Macmillan & Kaplan, 1985; Stanislaw & Todorov, 1999).
For readers unfamiliar with signal detection theory, d’ is a
measure of sensitivity (in this case, the ability to detect
octave equivalence) that is independent from response
biases (e.g., the tendency of some participants to respond
“different” to almost all stimuli). A d’ of zero indicates no
sensitivity (i.e., pure guessing), whereas scores higher than
zero indicate sensitivity (for more detailed explanations, see
Stanislaw & Todorov, 1999). All subsequent data analyses
were performed in R. While statistical inferences were
made based on p-values, Bayes factors were also calculated
using the BayesFactor and bayestestR packages to obtain
inclusion Bayes factor with matched models for the ANOVA
and one-sample Bayesian t-tests for the comparisons to
chance guessing. Raw data, experiment scripts, and R
scripts for this and the following experiment are available
on the Open Science Framework at https://osf.io/ndhgv/.

Results

Data for Experiment 1 are presented in Figure 3. An
ANOVA with the within-group factor of phase (pretest vs.
posttest) and the between-group factor of musicianship
(nonmusicians vs. musicians) was first conducted. This
revealed a significant main effect of musicianship,
F(1, 397) = 29.548, MSE = 0.622, p < .001, 1,2 = .07,
BF;o > 10,000, with better overall performance for mu-
sicians. There was also a main effect of phase, F(1, 397) =
6.465, MSE = 0.426, p = .011, 0,2 = .02, BFyo = 1.91, in-
dicating higher scores posttest relative to pretest. There was
no interaction between musicianship and phase, F(1, 397) =
1.261, MSE = 0.426, p = .262, 1,2 < .01, BF;, = 0.266.
Subsequent one-sample #-tests were conducted to evaluate
whether participants were able to identify octave equiva-
lences above chance (i.e., above a d’ of 0). Pretest perfor-
mance was significantly above chance for both the
nonmusicians (d' = 0.172), t(349) = 4.637, SE = 0.037,
p <.001, n? = .06, BFo = 1875, and musicians (d' = 0.555),
£(48) = 4.179, SE = 0.133, p < .001, n2 = .27, BF;o = 191.
Posttest performance was also significantly above chance for
both the nonmusicians (d’ = 0.270), £(349) =7.817, SE = 0.035,
p <.001, n? =15, BF; > 10,000, and musicians (d' = 0.811),
£(48) = 5.010, SE = 0.162, p < .001, 1% = .34, BF;o = 2,425.
Another ANOVA was run with the factors phase (pretest
vs. posttest) and counterbalancing order (7 orders). This
revealed a significant main effect of phase, F(1,392) =
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Figure 3. Experiment 1 pre- and posttest octave equivalence scores for
musicians and nonmusicians with standard error bars.

7.275, MSE = 0.378, p = .007, n,2 = .02, BF;o = 2.01, in-
dicating improvements between pre- and posttest. There
was also a main effect of counterbalancing order,
F(6,392) = 4.060, MSE = 0.637, p < .001, 1,2 = .06, BF;0 =
15.48, and an interaction, F(6,392) = 9.363, MSE = 0.378,
p < .001, n,? = .13, BFyo > 10,000, seemingly indicating
that some counterbalancing orders were easier than
others.

As a final exploratory analysis, we assessed the number of
participants with particularly high performance at pre- and
posttest. Only 6 of 49 musicians (12.2%) and 5 of 350
nonmusicians (1.4%) had a d’ score above 1.68 at pretest
(corresponding to 80% correct responses with an even
number of hits and false alarms). The corresponding num-
bers were 12 of 49 (24.5%) and 8 of 350 (2.3%) at posttest.
The former finding clearly indicates that detection of octave
equivalences is not easy, and the latter finding indicates that
acquisition of such a skill is similarly difficult. Furthermore,
only three musicians (6.1%) and one nonmusician (0.3%)
attained the higher criterion of 2.96 (90% accuracy) at
posttest. No participant was this accurate at pretest.

Discussion

Interestingly, both nonmusicians and musicians scored, on
average, significantly above chance in the octave equiv-
alence pretest. However, musicians were notably more
accurate, coherent with past work on the question. Im-
portantly, both groups improved with practice, as indicated

Experimental Psychology (2025), 72(4), 159-174
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by higher posttest scores relative to pretest scores. It might
be further noted, however, that the vast majority of par-
ticipants were far from 100% accuracy and the statistically
significant effect should be taken with a grain of salt.
Pretest scores were still, relatively speaking, poor. Indeed,
posttest scores were also far from 100% accurate, indi-
cating the difficulty of learning to identify octave equiv-
alency by ear. There are a few caveats with Experiment 1,
however. First, the group testing conditions were far from
ideal. Indeed, given that participants did not even need to
respond during the learning phase, inattention by some
less-motivated students is perhaps inevitable (e.g., the first
author, responsible for some of the tutorial groups, noted
some students not even looking at the similar/dissimilar
labels on the screen). These considerations could poten-
tially lead to an underestimation of typical improvements
with learning. More problematically, however, exploratory
analyses revealed significant counterbalancing effects,
with some of the orders showing robust pre-post im-
provements and others showing reduced accuracy at
posttest. Replication was therefore deemed necessary.

Experiment 2

To mitigate against some of the shortcomings of Experi-
ment 1, Experiment 2 was conducted as a conceptual
replication of Experiment 1 with several improvements.
First, participants were tested individually online to avoid
the distraction of group testing conditions in the classroom.
Second, the learning phase required active responding,
which we hypothesized might increase engagement and
therefore learning. Measuring accuracy during learning also
allowed us to screen out participants giving low effort re-
sponses (perhaps particularly a concern for an online study).
Third, stimuli in the testing phases were randomized for
each participant individually to better control rank and
order effects. Also, to maximize detection of an effect with a
(somewhat) smaller sample, only one-octave differences
were used in the range of C; to B,. Greater than an octave
differences are harder to detect, even for expert musicians
(Russo & Thompson, 2005b). A detailed lecture about
octave equivalence prior to the study was no longer feasible,

but the task instructions still indicated to participants on
what basis they should make similarity judgments.

Method

Participants

Participants were recruited online via https://www.
prolific.com/. Participants signed an online consent
form before beginning the experiment and were free to
withdraw participation at any time without penalty.
Participants were asked to verify that their sound was
working before starting the experiment, but there was no
built-in test to verify that participants heard sounds all
throughout the experiment.? There was a total of 418
submissions, but this included returned submissions with
low effort responses (see below). Prescreening questions
were used to restrict the sample to fluent French speakers
and those without auditory problems. Unlike in Experi-
ment 1, accuracy was recorded during the learning phase.
In the recruitment, participants were warned that they
needed to maintain at least 80% accuracy during the
(very easy) learning phase. Participants meeting this
criterion (and several somewhat below this) were paid £2
for participation. For actual data analyses, only partici-
pants with five or fewer errors (of 96 trials)? were re-
tained, leaving a total of 294 participants for analyses.
The remaining sample consisted of 191 nonmusicians and
103 musicians.

Materials, Apparatus, Procedure, and Data Analysis

Experiment 2 was identical in all respects to Experiment 1
with the following exceptions. The experiment was con-
ducted online. A detailed lecture about octave equivalence
could not be given, but instructions were lengthened to
clarify the task (see below). The same piano tones were
used but restricted to the range of C; to B, and only pairs of
11 to 13 semitone differences were used (24 unique
equivalent and 48 unique nonequivalent prime-probe
pairs), as illustrated in Table 2. The numbers in the table
again indicate the relative frequency of presentation of the
different stimulus pairs during the learning phase. Re-
sponses were also coded online with a computer keyboard,
using the F key for a “similar” response and the ] key for a

Of course, any participants who completed the experiment without sound would have only diluted any of our observed effects, as they would

necessarily be guessing randomly the identity of the auditory stimuli that they could not hear.

Although this a priori trim might seem strict and did reduce the sample noticeably (almost 30%), this accuracy criterion is quite a low bar

considering how easy the task was. As described below and in the Methods of Experiment 1, the task was only two-choice, the response labels
were presented on the screen continuously, and the correct response (matching one of the response labels) was printed in the middle of the
screen a full 800 ms before a response could even be initiated. Participants then had a further 2,000 ms to respond (i.e., 2,800 ms total). Error
rates were very non-normally distributed, with an otherwise normal distribution near ceiling (above our cutoff) and a very long left tail, with
accuracy rates as low as 0% (e.g., some participants did not respond at all during the learning phase).
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Table 2. Relative trial frequencies of prime-probe pairs in the learning phase of Experiment 2

Probe

Octave 3

Octave 4

Prime C (6 D D¢ E F F¢ G G A A

B C Cs D D# E F F# G Gs A A B

Cs

Céa

Ds

D43

Es

Fs

Fés

Gs

Gés

As

Az

Bs ]

Cs 2 1

Cés 1 2 1

D4 1 2 1

Dg, 1 2 1

E4 1 2 1

Fa 1 2 1

Fi, 1 2 1

Gy 1 2 1

CEN 1 2 1

A 1 2 1
Ay 1 2
B4 1

“different” response. During all phases, a response key
was presented on the bottom of the screen to remind
participants of the key for each response. Specifically, an
uppercase F above a lowercase “similaire” was presented
on the bottom left and an uppercase ] above a lowercase
“différent” was presented on the bottom right.

The timing of the main phases of Experiment 2 are
illustrated in Figure 4. During each of the test phases, 12
equivalent and 12 nonequivalent pairs were randomly
selected for each participant. Unlike in Experiment 1, the
trial number was not presented, as this was not needed
(i.e., as participants responded directly with the keyboard
rather than on a paper-and-pencil response grid). In
addition, the 2,800 ms silence at the end of the trial was
removed. Instead, a question mark appeared in the
middle of the screen 500 ms after the second note and
remained on the screen until the participant responded
(no time limit). The question mark disappeared after a
response. The next trial always started 2,300 ms after

© 2025 Hogrefe Publishing

question mark onset (i.e., regardless of response time) to
discourage low effort rapid responses (i.e., because rapid
responses did not accelerate the trial advancement),
except when the response time was already longer than
2,300 ms (in which case, the next trial started immedi-
ately). Instructions were only slightly modified (trans-
lated from French):

In music, stepwise increases in pitch change the pitch
class (e.g., do, dos, re, ré4, etc.). However, if you keep
increasing the intervals, you will arrive at another
note in the same pitch class. For example: “do, re, mi,
fa, sol, la, si, do.” Note that the first and last notes are
both called “do.” These two notes are not identical,
but similar. You will be tested for your ability to hear
this “equivalence” before and after a period of
training. In this phase, you will hear two notes on each
trial, one after the other. Your goal is to determine if
the two notes sound like they belong to the same pitch

Experimental Psychology (2025), 72(4), 159-174
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Test Phases
Silence Prime Silence Probe Silence Response Blank
{ 200ms | 200ms | 400ms | 200 ms | 500 ms , oo until response | 2300 ms — RT _
I 1 | T 1 T 1 >
\
F J F J F J
similar different similar different similar different
Learning Phase
Silence Prime Silence Probe Response Error Feedback
i 800 ms 200ms | 400ms | 200ms  max2000ms |, 1000 ms (if incorrect)
| I | J I I >
\
similar > incorrect
F J F J F J
similar different similar different similar different

J

Figure 4. Stimulus and response timing in Experiment 2. Stimuli not to scale.

class (F key), or if they sound different (J key). This
might be a difficult task. Guess if you are not sure. Try
to respond as accurately as possible. Rapid responses
will not speed up the procedure.

The learning phase was similar to the prior experiment,
with the following exceptions. There were two blocks of 48
trials. The stimulus timing was identical to Experiment 1.
Participants had to wait to respond until the end of the
second stimulus. After correct responses, the next trial
started immediately. If participants made an error or did
not respond within 2,000 ms, “erreur” (incorrect/error)
was printed in red in the middle of the screen for 1,000 ms
before the next trial started. Instructions were only slightly
modified to refer to the response keys (translated from
French):

This phase is the same as the previous phase, except
this time you do not need to guess. You will hear two
notes on each trial, but the correct response will be
presented on the screen. Your objective is to press the

Experimental Psychology (2025), 72(4), 159-174

F key when you see the word “similar” and the ] key
when you see the word “different.” You must wait
until the second note is finished to respond.

The entire experiment lasted about 10 min. Data
analyses were also identical to those in Experiment 1,
except that we further removed participants with too many
errors during the learning phase (see Participants). This,
of course, could not be done in Experiment 1, as no
responses were recorded in the classroom setting.
Individual data files were merged with CSVDataMerge
(Schmidt, 2021b).

Results

Data for Experiment 2 are presented in Figure 5. An
ANOVA with the within-group factor of phase (pretest vs.
posttest) and the between-group factor of musicianship
(nonmusicians vs. musicians) was first conducted. There
was a main effect of phase, F(1,292) = 5.380, MSE = 0.313,
p = .021, n,* = .02, BFy = 1.17, indicating higher scores
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Figure 5. Experiment 2 pre- and posttest octave equivalence scores for
musicians and nonmusicians with standard error bars.

posttest relative to pretest. The main effect of musician-
ship was not significant this time, F(1, 292) = 0.029, MSE =
0.997, p = .866, n,* < .01, BFyp = 0.17. There was a
marginal interaction between musicianship and phase,
F(1, 292) = 3.802, MSE = 0.313, p = .052, 0,2 = .01, BFyo =
0.823. Interestingly, the improvement was only significant
for nonmusicians, #(190) = 2.990, SE = 0.058, p = .003,
n?=.04, BF;o = 5.98, but not for musicians, £(102) = 0.203,
SE = 0.076, p = .839, n? < .01, BF;o = 0.11.

Subsequent one-sample i-tests were conducted to
evaluate whether participants were able to identify octave
equivalences above chance. Pretest performance was
significantly above chance for both the nonmusicians
(d' = 0.153), t(190) = 3.145, SE = 0.049, p = .002, n? = .05,
BF;o = 9.35, and the musicians (d’ = 0.263), £(102) = 2.976,
SE = 0.088, p = .003, 1> = .08, BF;o = 6.84. Posttest
performance was also significantly above chance for both
the nonmusicians (d' = 0.326), t(190) = 5.763, SE = 0.057,
p < .001, n? = .15, BFjp > 10,000, and the musicians
(d' = 0.246), t(102) = 2.528, SE = 0.097, p = .013, 2 = .06,
BFo = 2.14.

Again, we performed exploratory analyses to evaluate
how many participants had high levels of performance.
Only 7 of 103 musicians (6.8%) and 7 of 191 nonmusicians
(3.7%) had a d’ score above 1.68 at pretest, again indicating
the difficulty of the task. The corresponding numbers were
9 of 103 (8.7%) and 10 of 191 (5.2%) at posttest, again
indicating that learning this skill is difficult. Even fewer
attained the higher criterion of 2.96, with three musicians
(2.9%) and one nonmusician (0.5%) attaining this score at

© 2025 Hogrefe Publishing

pretest and four musicians (3.9%) and four nonmusicians
(2.1%) attaining this score at posttest.

Discussion

Again, both nonmusicians and musicians scored, on average,
significantly above chance in the octave equivalence pretest.
Interestingly, Experiment 2 did not reveal the same overall
higher scores for musicians relative to nonmusicians that we
observed in Experiment 1, although this seemed to be pri-
marily due to the unexplained lack of improvement posttest
for musicians. Furthermore, there was an overall improve-
ment in equivalence detection with practice, although this
was only apparent in nonmusicians in Experiment 2. Again,
most participants were far from 100% accuracy. In fact, it is
perhaps also worth noting that while some improvements
were again observed, these improvements were not larger
than in Experiment 1 as initially predicted. Of course, there
were several differences between the two experiments (e.g.,
grouped vs. individual testing, classroom vs. online, length of
training phase), but we had initially posited that the re-
striction of the tone pairs to 1-octave (1 semitone) differ-
ences and active responding during learning would boost
learning. This did not seem to be the case.

General Discussion

In the present work, we investigated the extent to which
participants are able to detect the equivalence of octave-
separated tones and to what extent this detection ability
can be improved with practice. On average, both non-
musicians and musicians did correctly classify octave-
equivalent tones as similar and nonequivalent tones as
different more often than one would expect from pure
guessing. In prior work on this question, instructions given
to participants were more ambiguous (Allen, 1967;
Kallman, 1982; Thurlow & Erchul, 1977), with participants
being asked to judge the “similarity” of tones and sensi-
tivity to octave equivalence seemed largely limited to a
minority of musicians. Sample sizes were also much
smaller in this prior research. It is also important to note,
however, that pretest performance, although above
chance-level guessing statistically, was still rather poor.
Thus, the present results demonstrate that even when
instructions are clearer, the task is not easy. Similarly,
some improvements are possible with training, but it still
remains challenging to easily distinguish between octave
equivalent tone pairs and tones from two adjacent pitch
classes. Indeed, improvements were statistically signifi-
cant, but also rather small practically speaking.
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Future research might explore the extent to which more
extended training leads to better performance. Another
multiday training study (Litke & Olsen, 1979) did already
observe notable improvements in the ability to set a dial to
adjust a second tone to exactly one octave higher than a
cue tone. This was done with only three cue tones and
there were also some questionable data analysis choices,*
but mean performance in all age groups tested was not
semitone precise (which would be needed for the task in
the current work). Similarly, further research might be
conducted to determine what type of learning environ-
ment might be most conducive to learning octave
equivalence.

Although not the focus of the current series of experi-
ments, the relationship between octave equivalence per-
ception and absolute and/or relative pitch might be
interesting to explore in future research. Absolute pitch
(AP), or more informally perfect pitch, is the ability to name
isolated tones by ear (for reviews, see Bachem, 1955;
Deutsch, 2013; Di Stefano & Spence, 2024; Levitin &
Rogers, 2005; Loui, 2016; Moulton, 2014; Schmidt, in
press; Takeuchi & Hulse, 1993; Ward, 1999). This con-
trasts with relative pitch (RP). An RP possessor can identify
intervals by ear. They can, for instance, identify pitches by
ear correctly after being given a pitch of known identity as
a context to “calculate” the pitch name of a subsequent
tone, although this is much less rapid and automatic than
AP perception (Levitin, 1994; Levitin & Rogers, 2005;
Takeuchi & Hulse, 1993). Of course, the pitch pair com-
parison task used in the current studies explicitly requires a
relative interval comparison of two notes (specifically, the
unison) and there is some debate as to whether AP helps
(e.g., Dooley & Deutsch, 2011) or hurts (e.g., Miyazaki
et al., 2018) with RP perception. However, there is con-
fusability between adjacent intervals (Killam et al., 1975;
Rakowski, 1990) and interval perception becomes difficult
with larger intervals (Russo & Thompson, 2005b), espe-
cially in the case of multiple octave differences. In con-
trast, AP possessors perceive the chroma of notes as
automatically as someone with normal color vision labels
the color of an object, such that F; and F,, for example, are
perceived as the same pitch class and not merely as being
separated by a specific interval (12 semitones). In this
sense, AP and octave equivalence may be similar to the
extent that they both rely on pitch chroma perception.
Indeed, AP possessors are seemingly so biased by pitch
class that they often make octave errors (i.e., indicating the
correct note but in the wrong octave) in a task that requires

pitch height detection (Weisman et al., 2010). As hinted at
above, however, another way of resolving the octave
equivalence test used here is to rely on the perceived
interval (rather than the perceived similarity as such).
Thus, the extent to which octave equivalence perception is
more related to AP or RP abilities could be studied in
future work.

Relatedly, it might be proposed that some form of octave
equivalence training might aid in the learning of AP. It is
well-known that AP is difficult to learn as an adult (e.g.,
Gough, 1922; Heller & Auerbach, 1972; Meyer, 1899;
Vianello & Evans, 1968; Wedell, 1934; for reviews, see
Takeuchi & Hulse, 1993; Ward, 1999; cf., Mull, 1925),
although some results suggest that improvements are
possible (e.g., Cuddy, 1968; Henry et al., 2025; Henry &
Schmidt, 2024, 2025; Iorio et al., 2024; Lundin & Allen,
1962; Terman, 1965; Van Hedger et al., 2015, 2019; Y. K.
Wong, Lui, et al,, 2020; Y. K. Wong, Ngan, et al., 2020).
With an incidental learning procedure that we developed,
for instance, rapid improvements in pitch identification
were observed after about 15 min of training (Henry et al.,
2025; Iorio et al, 2024). However, in more recent
research, we have found that improvements, although not
absent, are much less impressive when learning pitches
from multiple octaves at once (Henry & Schmidt, 2024;
see also, Bongiovanni et al., 2023). The same was not true
when timbres were varied (Henry & Schmidt, 2025), al-
though timbre can influence interval perception (Russo &
Thompson, 2005a). Together, these results suggest that
participants have a difficulty in focusing on pitch class,
instead being more attracted to pitch height cues (see also,
Wagner et al., 2022). Indeed, Henry and Schmidt (2024)
did observe robust improvements in pitch identification of
Shepard tones (see Shepard, 1964, 1982), for which pitch
height is ambiguous, but this learning did not transfer well
to piano tones in a subsequent test phase (i.e., where the
pitch height cues are reintroduced). Speculatively, it might
be supposed that octave equivalence training might boost
the ease of AP learning if such equivalence training in-
creases focus on pitch class rather than pitch height.

Future research might also explore to what extent the
delay between pitches influences learning. For instance,
detection of octave equivalence of simultaneously pre-
sented tones is notably easier than detection of equiva-
lence between sequential tones (e.g., Bonnard et al., 2016;
Demany et al., 2021; Demany & Semal, 1988). To what
extent it would be helpful or harmful to overlap tones while
learning to identify octave equivalence is less clear,

4 Forinstance, second block error rates were compared with whichever subsequent block of trials showed the best performance on a participant-
by-participant basis as a measure of learning, which will necessarily maximize on random error and exaggerate true learning. Indeed, final block

performance was less impressive.
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however. Similarly, the extent to which different types of
octave equivalence training might help directing attention
to pitch chroma rather than pitch height to facilitate
subsequent AP training could be explored. For example,
we briefly mentioned that our task is an incidental learning
task because the main goal of the task is to identify/read
the correct response label rather than to intentionally learn
(e.g., with trial-and-error guessing with reinforcement).
Implicit learning tasks imply incidental learning and
nonconscious acquired knowledge (Berry & Dienes, 1993;
Cleeremans et al., 1998; Perruchet, 2019; Perruchet &
Pacteau, 1990; Reber, 1967, 1989; Shanks, 2005). Explicit
learning, the exact opposite, is sometimes advantageous,
particularly when a regularity is easy to learn (e.g.,
Destrebecqz, 2004; Schmidt & De Houwer, 2012), but can
also be disadvantageous, particularly when a regularity is
difficult to learn (Berry & Broadbent, 1988; Fletcher et al.,
2005; Howard & Howard, 2001; Reber, 1976; Reber et al.,
1980; Wulf et al., 1998). Implicit learning is generally also
much faster than explicit learning (for a review, see
Schmidt, 2021a, 2021c). Still, it might be pertinent in future
research to compare octave equivalence training with
intentional versus unintentional learning and across par-
ticipants with different levels of awareness of what was
learned.

There are also some caveats with the present work. For
instance, in the current work, we argue that octave
equivalence perception is difficult to learn, but an even
stronger case might be that it is not learnable at all. Related
to the discussion of relative pitch above, it may be that
participants in our experiment learned to identify the in-
terval between each pair of tones rather than the similarity
between said pairs. Improvements at posttest may
therefore represent interval learning rather than an im-
provement in octave equivalence detection. Indeed, mu-
sical intervals can be trained (e.g., Litke & Olsen, 1979;
Little et al., 2019; S. S. H. Wong et al., 2021) and generally
are trained with a musical education. Whether there is
anything “special” or “extra” about the unison is less
certain from the present results alone. This might prove
difficult to disambiguate in future research given that the
improvement effect was already quite small, and one
would also need to take into consideration the fact that
larger intervals are harder to identify than smaller ones
(Russo & Thompson, 2005b). For instance, we might
anticipate that it would be easier to learn to identify a
perfect fifth (7 semitones) than a unison (12 semitones)
even if there is something special about the octave.

Another caveat with the present work is the somewhat
differing results in the two experiments. Our main goal, of
course, was to determine to what extent octave equiva-
lence perception improves with training, but the results for
musicians were notably different in the two experiments,

© 2025 Hogrefe Publishing

despite rather large sample sizes. In particular, musicians
improved notably at posttest in Experiment 1, but this was
not the case in Experiment 2. Whether this represents a
Type 1 and/or Type 2 error or some particularity of the
methodology is unclear. For instance, we already had to
exclude numerous online participants for clearly low effort
responses (a common problem for online studies). It could
be that the musicians in our Experiment 2 found our study
particularly boring and disengaged more than the non-
musicians in our sample. There was also a notable dif-
ference in the percentage of musicians in the two samples
(12% in Experiment 1 and 35% in Experiment 2), although
this perhaps indicates a self-selection bias in the second
experiment. It is perhaps also worth noting that musi-
cianship was established with a single question (“Are you a
musician?”), which may have been interpreted differently
by our student and general population samples. Relatedly,
it may be that the nonmusicians scored above-chance in
the pretest because some of these participants did, in fact,
have some practice with octaves. Future research might
address this problem by studying more quantifiable
measures of musicianship (e.g., years of musical study).
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