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Abstract
Absolute pitch (AP) is the rare ability to name any musical note without the use of a reference note. Given that genuine AP
representations are based on the identification of isolated notes by their tone chroma, they are considered to be invariant to (1)
surrounding tonal context, (2) changes in instrumental timbre, and (3) changes in octave register. However, there is considerable
variability in the literature in terms of how AP is trained and tested along these dimensions, making recent claims about AP
learning difficult to assess. Here, we examined the effect of tonal context on participant success with a single-note identification
training paradigm, including how learning generalized to an untested instrument and octave.We found that participants were able
to rapidly learn to distinguish C from other notes, with and without feedback and regardless of the tonal context in which C was
presented. Participants were also able to partly generalize this skill to an untrained instrument. However, participants displayed
the weakest generalization in recognizing C in a higher octave. The results indicate that participants were likely attending to pitch
height in addition to pitch chroma – a conjecture that was supported by analyzing the pattern of response errors. These findings
highlight the complex nature of note representation in AP, which requires note identification across contexts, going beyond the
simple storage of a note fundamental. The importance of standardizing testing that spans both timbre and octave in assessing AP
and further implications on past literature and future work are discussed.
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Introduction

Absolute pitch (AP), sometimes referred to as “perfect pitch,”
is the ability to name or produce a musical note without the
use of a reference (e.g., for reviews, see Deutsch, 2013;
Levitin & Rogers, 2005; Takeuchi & Hulse, 1993). AP is a
rare ability, estimated to be present in approximately one in
10,000 people (Bachem, 1955). The exact base rate in the
population is currently debated and may depend on factors
such as cultural upbringing and early linguistic experience

(Deutsch et al., 2009; Miyazaki et al., 2012). Understanding
the base rate of AP also depends largely on awareness of how
the ability is operationalized; for example, Van Hedger et al.
(2020) found more continuous performance when using a
measure that simultaneously incorporated response speed
and absolute deviation compared to a measure that simply
coded each response as correct or incorrect.

The mechanisms underlying AP acquisition are still uncer-
tain and remain a subject of interest. The most widely accept-
ed theory suggests that the skill can only be learned during a
developmental window in early childhood (critical period
theory) (Levitin & Rogers, 2005; Levitin & Zatorre, 2003).
The critical period theory of AP is supported in principle by
several converging findings. First, there is an association be-
tween beginning musical instruction at an early age and AP
incidence (Baharloo et al., 2000; Deutsch et al., 2006;
Gregersen et al., 1999), although early musical training may
not be necessary or sufficient to develop AP (Brown et al.,
2002). Second, pharmacological interventions in adults, hy-
pothesized to “reopen” a critical period of learning, have been
associated with improved AP learning (Gervain et al., 2013).
Third, explicit learning studies have shown that children
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perform significantly better than adults and adolescents when
trained to identify a single target note (Crozier, 1997; Russo
et al., 2003). Fourth, adult AP training studies generally find
only modest improvements in note identification (Cuddy,
1968; Hartman, 1954; Lundin, 1963), though more recent
adult training studies have suggested that explicit training in
some adults may lead to genuine-like AP under some circum-
stances (Van Hedger et al., 2019; Wong, Lui, et al., 2020a;
Wong, Ngan, et al., 2020b). Overall, the existing research
suggests that success in learning AP in adulthood seems
dependent on individual differences, and acquiring AP to
a degree indistinguishable from a “genuine” AP posses-
sor, if possible, is quite difficult and requires consistent,
explicit training.

The role of context in absolute pitch (AP)
representations

When considering the trainability of AP across the lifespan, it
is important to first describe the nature of AP representations
as observed among genuine AP possessors. Without careful
consideration of genuine AP representations, it is possible to
observe learning that, on the surface, might appear to be gen-
uine AP but upon further examination can be explained via
alternative mechanisms.

AP representations are based on pitch class, or chroma (cf.
pitch height; Warren et al., 2003). Pitch chroma is the quality
that makes all notes separated by octave relationships (a 2:1
frequency ratio) sound similar (e.g., Takeuchi &Hulse, 1993).
For example, to a genuine AP possessor, the high C note of a
piccolo and the low C note of a tuba would retain the same
qualia in terms of chroma, despite being clearly differentiable
in terms of pitch height and instrumental timbre. Moreover, to
an AP possessor, the Cs played on both a piccolo and tuba
would be just as identifiable if they were played in isolation
compared to if they were heard in a melodic context. The
remaining paragraphs of this section further unravel these crit-
ical features of AP, which are all incorporated into the present
experimental paradigm.

First, AP is characterized by representations of musical
notes that are putatively invariant to the tonal context in which
a note is heard (Takeuchi & Hulse, 1993). As alluded to in the
previous paragraph, among AP possessors, a “C” retains its
qualia (i.e., its “C-ness”) regardless of whether it is heard in
isolation, heard in a context that would make it sound congru-
ent with surrounding notes (e.g., C major), or heard in a con-
text that would make it sound incongruent with surrounding
notes (e.g., F# major). This observation has led researchers to
compare AP representations to visual color representations
(Levitin & Rogers, 2005), which also retain properties of con-
stancy under a variety of lighting contexts (e.g., see Kraft &
Brainard, 1999) – for example, the “redness” of an apple un-
der both broadband sunlight and fluorescent grocery store

light. Although both color and AP representations can be in-
fluenced by immediate context (e.g., Lotto & Purves, 2000;
Van Hedger et al., 2018b), which is likely reflective of broader
contextual influences on perception (e.g., Chambers et al.,
2017; Nguyen & McKendrick, 2016), it is generally the case
that anAP possessor will have little trouble identifying a given
note (e.g., C) regardless of tonal context.

In contrast, tonal context exerts large influences on both the
perception and memory of pitch among non-AP possessors,
reflective of a greater reliance on relative pitch processing
(e.g., Takeuchi & Hulse, 1993). Outside of experimental con-
texts, musical pitches are generally not heard in isolation.
Instead, they are heard in relation to other notes, specifically,
the set of notes within which a piece of music is organized,
such as a key. Any note can be described in context as either
diatonic (i.e., part of the same subset of notes or key signature)
or non-diatonic (i.e., not part of the same subset of notes or
key signature). Critically, how the note is perceived is there-
fore contextually determined – the same pitch chroma (e.g., C)
may be heard as highly congruent (e.g., in C major) or highly
incongruent (e.g., in F# major). This poses a potential chal-
lenge for forming a long-term chroma representation based on
pitch, particularly when the surrounding tonal context appears
to “color” chroma perception.

The notion that key contexts affect chroma perception is
indeed evidenced by a rich literature demonstrating the con-
nection between tonal context and the perception and memory
of pitch (e.g., Deutsch, 1972a, 1972b, 1982; Deutsch & Roll,
1974; Dewar et al., 1977; Krumhansl, 1979; Krumhansl &
Castellano, 1983). For example, Krumhansl (1979) concluded
that tonal context has a strong effect on the goodness-of-fit
ratings listeners assign to probe-tones, and demonstrated that
diatonic tones were more readily remembered by listeners
than non-diatonic tones. Another more recent study demon-
strated that tonal expectations can influence aspects of lower-
level perceptual judgments of pitch, including judgments of
(mis)tuning (Marmel et al., 2008). Although a strong sense of
tonal context can be eliminated in experimental contexts by
presenting a chromatic context (i.e., presenting all 12 notes
with equal probability), which is often the approach used in
AP assessments, doing so is not an ecologically valid repre-
sentation of how tonal music is experienced outside of re-
search contexts. This may also explain why some studies
show limited generalizability in identifying notes outside of
non-musical training contexts. Thus, the present study also
aimed to assess how different tonal contexts influence the
explicit training of AP, which will aid in the understanding
of AP as a perceptual skill, as well as the importance of con-
text for note perception generally.

Second, pitch chroma representations are dissociable from
both instrumental timbre and octave. As such, a hallmark of
genuine AP is the ability to name any stable pitched sound in
terms of its musical note name, regardless of instrument or
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octave register (e.g., for a review, see Takeuchi & Hulse,
1993). Consequently, AP training studies must assess whether
learning can generalize across octave and timbre to make
claims about the trainability of AP categories. Indeed, an in-
ability to generalize across timbre or octave is commonly
treated as distinct from AP, being labeled as “pseudo” or
“quasi” AP (Bachem, 1937). An extreme example of limited
generalizability across timbres is the phenomenon of instru-
ment-specific AP, which describes subjects who display AP-
like performance for their primary instrument but lack the
ability to generalize their skills to instruments of a different
timbre (Reymore & Hansen, 2020). It is suggested that for
such individuals, timbral cues or even motor imagery play
an essential part in their ability to identify pitches; as such,
they do not have genuine AP, which primarily relies on chro-
ma cues.

However, this is not to say that AP possessors do not make
use of cues beyond pitch chroma recognition; indeed, ample
evidence suggests the contrary. It is demonstrated that AP
possessors have less success with identifying sine tones com-
pared to complex instrumental timbres (Lockhead & Byrd,
1981; Miyazaki, 1989), as well as difficulty identifying com-
plex instrumental timbres relative to common musical timbres
(Miyazaki, 1989). AP possessors also have trouble identifying
pitches produced by natural or synthesized vocal tones com-
pared to non-vocal tones (Vanzella & Schellenberg, 2010).
Another study determined that violinists with “genuine” AP
still demonstrated greater accuracy at tuning a violin pitch to
440 Hz than when asked to do so with a clarinet pitch
(Brammer, 1951). This aligns with Sergeant (1969), who con-
cluded that musicians with and without AP both name pitch
most accurately on their instruments of greatest and/or earliest
exposure. AP possessors also respond significantly slower
when identifying a target note from a series when the series
contains multiple timbres, even though timbre is irrelevant to
the categorization task (Van Hedger, Heald, & Nusbaum,
2015b). These experiments suggest that AP possessors must
be using other auditory dimensions in addition to pitch chro-
ma for pitch identification, but the degree of dependence on
these features varies situationally.

Given that the literature has argued that genuine AP is
based on the categorization of pitch chroma and not pitch
height (Bachem, 1955; Kim & Knösche, 2016, 2017), it is
critical that AP training studies demonstrate that any learning
generalizes beyond the trained octave. Without demonstrating
an ability to label notes beyond the trained octave, it is unclear
if the learner has relied on the use of pitch height, instead of
forming explicit categories based on pitch chroma. Indeed,
given that AP possessors have been shown to make frequent
octave errors (e.g., mistaking an A4 (440 Hz) for an A3 (220
Hz); cf. Kim & Knösche, 2016; Miyazaki, 1988; Takeuchi &
Hulse, 1993), there is little debate that AP is defined on the
basis of pitch chroma and not height. Yet, these dissociations

of pitch chroma and height do not mean that AP possessors’
pitch labeling ability is not sensitive to octave change.
Notably, genuine AP possessors see decreased accuracy for
notes from extremely low or high octaves (Oxenham, 2012).
Furthermore, AP possessors are slower to respond when mak-
ing note category judgments in situations when octaves can
vary – even when the two octaves presented are in a “com-
fortable” middle range (Van Hedger, Heald, & Nusbaum,
2015b). Together, these studies indicate that while genuine
AP is marked by robust note-labeling performance across
multiple octaves, there is some evidence of discontinuity of
this performance due to octave change and extrema.

Despite agreement that the skill of AP is (1) invariant to
different tonal contexts, (2) generalizes across instrumental
timbre, and (3) generalizes across octaves, prior research ex-
amining AP has unfortunately used inconsistent approaches in
measuring generalization along these dimensions. These in-
consistencies may have contributed to the mixed and some-
times conflicting results with respect to explicit AP training
across the lifespan. For example, some of the foundational
empirical studies used to support critical periods for AP have
focused on training a single frequency (e.g., C4 or A4) and did
not assess either timbre or octave generalization post-training
(Crozier, 1997; Russo et al., 2003). In Gervain et al.’s (2013)
proof-of-concept demonstration that valproate can reopen a
critical period for learning AP, multiple octaves are tested
but only a single timbre (piano) is used. In recent investiga-
tions of adult AP training, some post-training assessments
have incorporated multiple timbres and octaves (Van Hedger
et al., 2019; Van Hedger et al., 2015a; Wong, Lui, et al.,
2020a), whereas others have only tested a single timbre and
octave (Wong, Ngan, et al., 2020b). Establishing consistent
testing standards, including robust assessments that span
across timbres and octaves, is important in creating a more
coherent picture of AP performance. By ensuring that the
appropriate psychological construct is being measured, re-
searchers can more appropriately assess the multidimension-
ality of AP, including investigating how AP might utilize
more general cognitive processes used in other perceptual
abilities. For this reason, we additionally assessed learning
in our AP training study using multiple post-tests that specif-
ically measured how learning generalized to a novel timbre
and to a novel octave.

The present experiment

The present study examines the influence of tonal context on
the explicit training and generalization of AP. Adult partici-
pants were asked to recognize a target note – the “middle C”
(C4) of a piano – from a series of non-target notes. The relative
proportion of target notes was high (50% of all heard notes) at
the beginning of training and gradually decreased throughout
training, conceptually similar to other AP training paradigms
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(Brady, 1970; Cuddy, 1968). Moreover, the approach of train-
ing a single note category as proof-of-concept AP has been
adopted by prior research, including studies that have been
used to empirically support critical periods in AP acquisition
(Crozier, 1997; Russo et al., 2003).

Unlike prior research, however, the present experiment
systematically manipulated the tonal context of training (i.e.,
the tonal relationship between the trained and untrained notes)
to determine whether the tonal context (diatonic, non-diatonic,
or mixed) influenced the efficacy of learning C. Additionally,
the present study varied three auditory dimensions in testing to
assess different aspects of how learning generalized beyond
the specific conditions of training. First, chromatic
generalization involved testing participants in a chromatic
context (in which all 12 notes were equiprobable), assessing
the extent to which tonal training could be applied to an atonal
context. Second, timbre generalization used notes from a tim-
bre (French horn) that was not experienced in training. Third,
octave generalization used notes from an octave range that
was not experienced in training (making the target note C5).

Based on the findings of Brady (1970), who reported con-
siderable success in AP learning when adopting a “fixed
scale” strategy (e.g., attempting to hear all notes in the context
of a single key), we hypothesized that contexts in which C4
always sounded congruent (diatonic condition) or incongruent
(non-diatonic condition) might elicit stronger AP learning
than a context in which C4 could either sound congruent or
incongruent on a trial-by-trial basis (mixed condition).
However, we additionally hypothesized that the mixed condi-
tion training might lead to stronger generalization, as it would
provide participants with the most varied context in which the
target note could be experienced (e.g., see Ahissar &
Hochstein, 2004). In contrast, participants in the diatonic
and non-diatonic conditions could potentially use heuristics
(e.g., that the target note sounded “good” or “bad”) that would
serve them well when being tested in an identical context as
training but would not be effective once the tonal context was
changed relative to training. Additionally, based on prior work
(e.g., Van Hedger et al., 2015a, b), we hypothesized that per-
formance in the timbre and octave generalization tests would
be attenuated relative to the specific test, which mirrored the
exact conditions of training.

Method

Participants

A total of 177 participants successfully completed the exper-
iment. Participants were recruited through Amazon
Mechanical Turk, using the Cloud Research platform
(Litman et al., 2017). Cloud Research provides additional par-
ticipant recruitment options meant to facilitate high-quality

online data collection. Specifically, we only recruited partici-
pants who had previously passed attention checks adminis-
tered by Cloud Research. Participants were not specifically
recruited based on their musical background or auditory work-
ing memory ability (cf. Van Hedger et al., 2019). Due to a
programming error, several participants’ data from the AP
training and testing portion of the experiment were not able
to be successfully linked with the demographic and musical
background questionnaire. Thus, reports of demographic or
musical training variables use a subset (n = 90) of participants
for whom this information could be recovered.

The sample size was set primarily based on the availability
of funds. However, it should be noted that the current sample
size is adequately powered (1 − = .84) to detect medium
effect sizes (f = 0.25) with a between-participant design con-
taining three groups. Participants were well beyond a devel-
opmental stage in which a critical period would be presumed
to be open (M = 41.18 years old, SD = 11.61 years, range: 20–
72 years old). A minority (33.3%) of participants reported that
they had either played a musical instrument or sang. All par-
ticipants provided informed consent in accordance with the
Declaration of Helsinki and were compensated US$7.50 for
completing the experiment.

Materials

The AP training and testing script was programmed in jsPsych
(de Leeuw, 2015). The follow-up questionnaire was adminis-
tered in Qualtrics (Provo, UT). Participants accessed the ex-
periment from their own devices.

All audio samples used in the AP training and testing pro-
cedure were played on a Yamaha Portable Grand Piano
(DGX-640) keyboard using preloaded patches. The piano
samples came from the “001 Live! Grand Piano” patch,
whereas the French horn samples came from the “103
French Horn” patch. Touch and dynamics were standardized
so that no note would be louder upon attack than another (rate
of decay differs naturally based on the pitch of the note/length
of the “string” for the piano samples, though the effect is
minimal given that the samples were only 1,000 ms in length).
Each note was recorded into a Boss RC-3 Loop Station, which
turns the electronic information from the keyboard into a dig-
ital audio file that could then be further processed. Each note
was isolated and trimmed to 1,000 ms in Audacity, an open-
source digital audio workstation. For the French Horn sam-
ples, because the patch did not include a natural decay, a fade-
out effect was added just prior to the end of the audio sample
to prevent clipping artifacts during playback. Each audio sam-
ple was exported (44.1 kHz, 16-bit) in a high-resolution loss-
less format (.wav files) to ensure sound quality. Although
lossless audio files are larger in size than compressed formats
(e.g., .mp3 and .ogg), all sounds were preloaded by the
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experimental program to eliminate delays or glitches in play-
back related to file loading.

Procedure

The procedure is divided into four subsections (see Fig. 1).
The following sections describe each subsection of the proce-
dure in greater detail.

Study introduction

Upon initiating the study, each participant was randomly
assigned to a training condition (diatonic, non-diatonic,
mixed). The three training conditions were designed to test
whether any differences in learning the target note (C4) could
be attributed to the tonal context of training. The diatonic
condition used non-target notes from the major scales of C,
F, and G major, falling between F3 and B4. All three of these
keys include C in their diatonic scales (as the tonic, dominant,
and subdominant, respectively), meaning that the target note is
congruent (i.e., has a high goodness-of-fit) in relation to the

non-target notes (cf. Krumhansl, 1979). If C major was the
selected context for the trial, the non-target notes were D4, E4,
F4, G4, A4, and B4. If F major was the selected context for the
trial, the non-target notes were F3, G3, A3, Bb3, D4, and E4.
If G major was the selected context for the trial, the non-target
notes were G3, A3, B3, D4, E4, and F#4. One advantage of
this approach is that the target note (C4) was not always in the
same position relative to the non-target notes, and thus partic-
ipants could not use an alternative strategy (e.g., simply lis-
tening for the lowest presented note) to recognize the target
note. The non-diatonic condition used non-target notes from
E, B, and F-sharp major scales falling between E3 and A#4.
None of these keys include C diatonically, and thus the target
note is incongruent (i.e., has a low goodness-of-fit) in relation
to the non-target notes (cf. Krumhansl, 1979). If E major was
the selected context for the trial, the non-target notes were E3,
F#3, G#3, A3, B3, C#4, and D#4. If B major was the selected
context for the trial, the non-target notes were B3, C#4, D#4,
E4, F#4, G#4, and A#4. If F# major was the selected context
for the trial, the non-target notes were F#3, G#3, A#3, B3,
C#4, D#4, and E#4. Similar to the diatonic condition, this

Fig. 1 Overview of the procedure
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approach allowed the target note to be heard in different po-
sitions relative to the non-target notes, and thus did not allow
listening for the lowest or highest note to be an effective strat-
egy. Finally, the mixed condition exposed participants to both
the diatonic and the non-diatonic sets, with a particular scale
context being randomly selected on each trial.

Participants were first presented with a digital form de-
scribing the study, and provided informed consent by clicking
on a check box on the computer screen. Following the consent
procedure, an auditory calibration exercise was used to (1)
allow participants to adjust their computer volume to a com-
fortable listening level and (2) assess whether participants
were following the experimenter's recommendations to wear
headphones. The volume adjustment used a pink noise sam-
ple, RMS normalized to the same level as the musical notes,
and participants pressed a button to continue with the study
once their volume had been adjusted to a comfortable listening
level. The headphone assessment was based on Woods et al.
(2017) and consisted of six trials. On each trial, participants
determined which of three tones sounded the quietest. The
task is designed to be easy when participants have clear sep-
aration of left and right audio channels but virtually impossi-
ble if performed over internal computer speakers. Similar to
Woods et al. (2017), we used a threshold of 83.33% (i.e., five
of six correct answers) to determine headphone use. Given
that headphone use was encouraged but not required, partici-
pants who failed this assessment (n = 52) were still included in
the primary data analyses. Preliminary analyses including
headphone use as a factor did not suggest that participants
who used headphones differed in AP performance from par-
ticipants who did not use headphones.

Training trials

Next, participants completed the AP training portion of the
experiment. The instructions stated that participants would
be listening for a target note (“C”), which would be inter-
spersed with non-target notes (“Not C”). Participants were
instructed to press “C” or “N” on the keyboard if they thought
the current note was a target note or non-target note, respec-
tively. Feedback provided after each note notified participants
whether the note was a target or non-target, and the font color
of this feedback notified participants as to whether they had
responded correctly (green) or incorrectly (red). For example,
if participants saw “C” appear on the screen in a green font
after a response, they would know that (1) the prior note was a
target, and (2) they had correctly identified it as a target. If
participants did not respond to the note within 1,500 ms, the
script moved on automatically and the answer was marked as
incorrect.

Before beginning each trial, participants were given an un-
limited number of opportunities to hear the target note by
clicking a button. Doing so was optional, and the number of

times the subject opted to listen to the target note was record-
ed. The 24 training trials were binned into six difficulty levels
of four trials each, with the training becoming more progres-
sively difficult. For all conditions, each trial contained a dif-
ferent key from within the participant’s assigned context in
random, rotating order, such that each key was presented the
same number of times by the end of training. For example, for
the congruent condition, if the first trial was in C major, and
the second was in Gmajor, then the third would be in F major;
this order would then repeat seven more times irrespective of
difficulty level until the end of training.

In the initial difficulty level trials, the target note was pre-
sented 50% of the time. With each subsequent difficulty level,
the relative proportion of the target note was reduced. The
second set presented the target note 33% of the time, the third
25% of the time, until the final set, which presented the target
note at 14.2%, or one in seven notes, equivalent to a random
distribution among a diatonic scale. The four trials within each
difficulty level contained different numbers of target notes:
one trial contained three targets, one trial contained four tar-
gets, one trial contained five targets, and one trial contained
six targets. Trial ordering was randomized within each diffi-
culty level. The reason for varying the number of target notes
across trials is because we did not want participants to develop
an expectation that there was always the same number of
targets (e.g., three), as this could encourage lapses of attention
once participants realized that they had heard all the targets in
a particular trial.

Within each trial, each note sounded for 1,000 ms (includ-
ing decay time) and participants had 1,500 ms to make their
response. Following this 1,500 ms response window, partici-
pants were briefly flashed feedback (“C” or “Not C”, printed
in green or red font) for 500 ms. After each trial, subjects were
shown a “Trial Complete!” screen, which presented the op-
portunity to pause if desired. Across all training trials, partic-
ipants responded to 108 target notes (18 per difficulty level)
and 378 non-target notes (ranging from 18 in the first difficul-
ty level to 108 in the final difficulty level).

Testing trials

After completing the training trials, the subjects were tested on
both specific and generalization learning. Participants listened
to a 5,000-ms sample of pink noise prior to the beginning of
each testing trial to discourage the use of echoic memory in
the testing trials (cf. Darwin et al., 1972). The first four trials
(specific test) used the same audio samples with which partic-
ipants received training – piano notes in the same range as
training. Participants were then administered two generaliza-
tion tests, with the order randomly determined. The octave
generalization test used piano notes that were shifted up one
octave from the training context (making the target note C5).
The timbre generalization test used the same range as the
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training context but changed the instrument to the French
horn. The first two trials of each subtest (specific, octave,
timbre) used the same non-target notes from participants’
training conditions – diatonic, non-diatonic, or mixed, and
thus created a clear tonal context. The final two trials of each
subtest drew non-target notes from all 11 non-C notes, thus
disrupting any sense of key signature and providing a more
stringent test of AP learning by using a chromatic context. In
total, there were thus six types of testing trials (specific/tonal,
specific/chromatic, octave/tonal, octave/chromatic, timbre/
tonal, timbre/chromatic). Each testing trial contained five tar-
get notes and 55 non-target notes, meaning that the target note
was not prioritized relative to the other non-target pitch classes
(as the target note was heard at a 1:12 ratio). Thus, each of the
six testing contexts contained ten target notes and 110 non-
target notes.

Unlike training, no feedback was provided during testing.
Participants had 1,500 ms to make their responses. Non-
responses were marked as incorrect. After each test trial, sub-
jects were shown a “Trial Complete!” screen and given an
opportunity to take a break.

Study session completion

Upon completion of the testing trials, participants were auto-
matically redirected to a webpage to complete a Qualtrics
survey containing questions on demographics and musical
experience. Demographic questions included age, gender,
and ethnicity. Musical experience questions included (1)
whether participants played an instrument or sang, (2) the
number of years of experience playing each reported instru-
ment, collected in terms of six categories (zero years, less than
1 year, between 1 and 2 years, between 2 and 5 years, between
5 and 10 years, and more than 10 years), and (3) the number
of hours per week spent playing each reported instrument, also
collected in terms of six categories (not actively playing, less
than 1 h per week, between 1 and 5 h per week, between 5 and
10 h per week, between 10 and 15 h per week, more than 15 h
per week). Completion of the survey generated a unique code,
which participants entered into Mechanical Turk and was
manually verified by the experimenters to release payment.

Data analysis

Performance in AP training and testing was operationalized
using signal detection theory (Macmillan & Creelman, 2004).
Specifically, using the “psycho” package in R (Makowski,
2018), we used d-prime (d’) – a measure of sensitivity – to
assess the extent to which participants were able to differenti-
ate target notes from non-target notes. In the present context, a
d-prime of 0 would represent an inability to differentiate “C”
from other notes, whereas values above 0 would represent
accurate discriminability and values below 0 would represent

inaccurate discriminability (i.e., systematically labeling non-C
notes as “C”). We additionally used the “psycho” package to
calculate a measure of bias (c). The response bias measure of c
is intuitive to interpret, with a value of 0 representing an “ideal
observer” (i.e., equally weighting misses and false alarms).
Negative values are reflective of a liberal threshold (i.e., the
participant would respond “C” more often than the ideal ob-
server), and positive values are reflective of a conservative
threshold (i.e., the participant would respond “Not C” more
often than the ideal observer). The values of c reflect the
number of standard deviations from the position of the ideal
observer. We included measures of both perceptual sensitivity
(d’) and response bias (c) because previous work has found
that participants adopt more conservative criteria as a function
of both increased task difficulty (lower d’) and fatigue (Wylie
et al., 2021). As such, we expected participants to become
more conservative in their responses for the timbre and octave
generalization tests in particular, as these were hypothesized
to also have the lowest d-prime values.

We first assessed whether overall performance was above
chance by comparing d’ to 0 using one-sample t-tests.
Separate d’ values were calculated for each of the six difficulty
levels of training, as well as for the three tests (specific, octave,
timbre).

To assess the effects of condition on both training and
testing performance, we used linear mixed-effects models
via the “lme4” package (Bates et al., 2015). Separate models
were constructed for training and testing performance, for
both signal detection measures (d’ and c). The training model
contained difficulty level (1–6), condition (diatonic, non-dia-
tonic, mixed), as well as the interaction of difficulty level and
condition as fixed effects. The random-effects structure in-
cluded participant intercepts, as well as slopes for difficulty
level within each participant. The testing model contained
condition (diatonic, non-diatonic, mixed), testing context (ton-
al, chromatic), and test type (specific, octave, timbre), as well
as the interaction of these factors, as fixed effects. The
random-effects structure included participant intercepts, as
well as slopes for testing context and test type.

For both the training and testing models, we used the
“MuMIN” package (Barton, 2020) to select the best fitting
training and testingmodel. The best fitting model was a nested
version of the global model and was selected based on the
corrected Akaike Information Criterion (AICc; Akaike,
1998), which penalizes extra fitted parameters. As such, the
selected model can be thought to represent the most parsimo-
nious explanation of the current training and testing data.

To further explore participants’ representations of the
target note, we additionally examined the distribution of
notes participants judged as “C” in terms of distance from
C (in semitones). For example, a correctly judged “C”
would yield a distance of 0, a “C#” judged to be the target
note would yield a distance of +1, and a “B” judged to be
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the target note would yield a distance of -1. We preserved
directionality of errors, unlike prior investigations of AP
using absolute deviation, collapsed across pitch class
(e.g., Van Hedger & Nusbaum, 2018). This was motivat-
ed by our current research question (specifically relating
to timbre and octave generalization), which requires a
preservation of the directionality of responses in relation
to the target note in order to assess the extent to which
participants might be using pitch height as a cue.

Participant distributions of notes judged to be C were ana-
lyzed in two ways. First, we used bootstrapping, via the
“boot” package (Canty & Ripley, 2021). For each bootstrap,
we ran 1,000 simulations, in which we randomly sampled
1,000 responses (with replacement) to generate distributions
of both the mean and the standard deviation of responses for
each test. Significance was interpreted in terms of whether the
averaged statistic for a given test (mean or standard deviation)
fell within or outside of the 95% confidence intervals of the
other tests. In this sense, the bootstrapping results help address
whether participant distributions (1) were centered in the same
place in terms of semitone distance, and (2) deviated from the
target note with comparable magnitudes.

Second, we used the “mixtools” package in R (Benaglia
et al., 2009) to assess the way in which each distribution
could be understood in terms of finite mixture models. The
present approach used an expectation-maximization algo-
rithm to fit mixture models to the distributions from each
test. The mixture models provided an understanding of the
extent to which each distribution could be explained via
two Gaussian distributions. This is particularly relevant in
describing whether participants were systematically
misclassifying a specific non-C note as the target note,
which would result in more evenly weighted Gaussian dis-
tributions providing the best fit of the data. In contrast, if a
distribution could be best explained in terms of a single
Gaussian distribution (e.g., centered around the target
note), then the model would heavily favor one Gaussian
distribution over the other.

Based on the results of the bootstrapping and mixture
models, which found that listeners’ responses in the octave
generalization task were bimodal with distributions centered
both on the correct note (C5) as well as a perfect fourth below
the correct note (G4, which was misclassified as the target
note more often than the actual target note), we performed
an exploratory analysis that examined whether misclassifying
G4 as the target note varied across conditions for the octave
generalization test. Responses in which G4 was labeled as the
target were coded with a 1, and all other responses were coded
with 0. This exploratory analysis only considered the chromat-
ic trials; otherwise, the relative number of G4 notes would not
be equated across the conditions. This exploratory analysis
used a generalized linear mixed effects model with a binomial
link. Participants were modeled with random intercepts.

Finally, to assess how musical experience and demographic
variables related to training and testing performance, we used
participants’mean d’ values for each training and testing block
and calculated Pearson correlation coefficients with (1) age, (2)
musical training (yes/no), (3) whether one had experience
playing the piano (yes/no), (4) number of years of experience
playing one’s primary instrument, and (5) whether one actively
played an instrument (yes/no). Given the number of reported
correlations, we used the Benjamini-Hochberg False Discovery
Rate (FDR) alpha correction (Benjamini & Hochberg, 1995).

Results

Assessing performance against chance

All difficulty levels of training showed strong evidence of par-
ticipants’ abilities to accurately differentiate targets from non-
targets (Table 1, top). This is perhaps not surprising given the
fact that (1) participants were allowed to play the target note
prior to each trial in training, and (2) feedback was provided
after every note in training. For the test trials (Table 1, bottom),
participants were robustly above chance for the specific test.

Table 1 Summary of performance relative to chance estimates

Assessment Block Target % d’ 95% CI t Cohen’s d

Training Level 1 50.0% 2.81 [2.67, 2.96] 39.09*** 2.94

Level 2 33.3% 2.99 [2.84, 3.14] 39.71*** 3.01

Level 3 25.0% 2.71 [2.54, 2.87] 32.65*** 2.48

Level 4 20.0% 2.50 [2.34, 2.67] 29.70*** 2.25

Level 5 16.7% 2.33 [2.16, 2.51] 26.29*** 1.99

Level 6 14.3% 2.25 [2.09, 2.42] 27.00*** 2.05

Testing Specific 8.33% 1.24 [1.08, 1.41] 14.87*** 1.12

Timbre 8.33% 0.58 [0.44, 0.72] 8.33*** 0.64

Octave 8.33% 0.23 [0.09, 0.37] 3.34** 0.25

Note: Target % refers to the relative percentage of target notes relative to non-target notes. *** p < .001, ** p < .01
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Performance on the timbre generalization test was attenuated
relative to the specific test but was still significantly above
chance. Performance on the octave generalization test was at-
tenuated relative to both the specific and timbre generalization
tests but was still above chance. Performance on each test is
further explored in the next two subsections.

Modeling performance as a function of condition and
test type

Discriminability (d’)

The model for the training data (Fig. 2A) showed a significant
negative effect of difficulty level (B = -0.08, SE = 0.024, p <
.001), with performance decreasing as a function of increased
difficulty level. Relative to the diatonic condition, which was
treated as the reference condition, participants in both the non-
diatonic and mixed conditions performed comparably overall
(ps > .124). However, condition interacted with difficulty lev-
el, with participants in both the non-diatonic (B = -0.11, SE =
0.032, p < .001) and mixed (B = -0.08, SE = 0.034, p = .018)

conditions showing significantly worsening discriminability
as a function of difficulty compared to the diatonic partici-
pants. The approach of selecting the best-fitting nested model
from this training model resulted in a model that only retained
difficulty level, which was highly significant (B = -0.15, SE =
0.014, p < .001). Thus, despite the significant effects of con-
dition reported in the primary model, these terms did not out-
weigh the penalty for adding extra parameters to the model.

The model for the testing data (Fig. 2B) showed that, rela-
tive to the specific test, performance on both the timbre gen-
eralization (B = -0.88, SE = 0.15, p < .001) and octave gener-
alization (B = -1.12, SE = 0.16, p < .001) tests was signifi-
cantly worse. A Tukey-corrected post hoc test using the
“emmeans” package (Lenth, 2021) additionally demonstrated
that performance in the timbre generalization test was signif-
icantly higher than performance in the octave generalization
test (B = 0.35, SE = 0.06, p < .001). Thus, all three tests were
differentiated from one another in terms of performance. In
terms of condition, participants in the mixed condition per-
formed overall worse than participants in the diatonic condi-
tion (B = -0.49, SE = 0.22, p = .028). Performance was

Fig. 2 Summary of mean training and testing performance (d-prime) as a function of condition. Error bars represent ±1 standard error of the mean. The
dashed line represents chance performance
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additionally overall worse for trials that used a chromatic con-
text compared to trials that used a tonal context (B = -0.31, SE
= 0.12, p = .011).

There was a significant interaction between testing context
and the mixed training condition relative to the diatonic train-
ing condition (B = 0.50, SE = 0.17, p = .003). This interaction
was characterized by worse performance for diatonic partici-
pants in the chromatic (d’ = 0.84) versus tonal (d’ = 0.92)
contexts, as opposed to better performance for mixed partici-
pants for the chromatic context (d’ = 0.70) relative to the tonal
context (d’ = 0.59). Chromatic context additionally interacted
with both the timbre generalization (B = 0.40, SE = 0.16, p =
.013) and the octave generalization (B = 0.33, SE = 0.16, p =
.038) tests, relative to the specific test. These interactions were
characterized by attenuated performance in the specific test
when listening for the target note in a random (d’ = 1.20)
compared to a tonal (d’ = 1.25) context, as opposed to better
performance in the timbre generalization test when listening
for the target note in a random (d’ = 0.72) compared to a tonal
(d’ = 0.46) context. In the octave generalization test, perfor-
mance was more attenuated when listening for the target note
in a random (d’ = 0.21) compared to a tonal (d’ = 0.27) con-
text. Finally, there was a three-way interaction between con-
dition (mixed relative to diatonic), chromatic context, and test
(octave generalization relative to specific). This interaction
can be broken down as follows: for the diatonic participants,
a random tonal context impaired performance relative to a
tonal context in the specific test (d’ = 1.25 and 1.57, respec-
tively), whereas a random tonal context nominally facilitated
performance relative to a tonal context in the octave general-
ization test (d’ = 0.47 and 0.43, respectively). In contrast, the
mixed participants showed an entirely opposite pattern of re-
sults. A random tonal context facilitated performance relative
to a tonal context in the specific test (d’ = 1.27 and 1.04,
respectively), whereas a random tonal context impaired per-
formance relative to a tonal context in the octave generaliza-
tion test (d’ = 0.08 and 0.24, respectively). No other term was
significant in the model. The best-fitting nested model
contained test type (specific, timbre generalization, octave
generalization), testing context (chromatic, tonal), and the in-
teractions of these factors. In the best-fitting model, the main
effects of the timbre generalization and octave generalization
tests (relative to the specific test), as well as the interaction of
testing context and the timbre generalization test (relative to
the specific test) were significant. The main effect of testing
context, as well as the interaction of the octave generalization
test (relative to the specific test) were not significant.

Response bias (c)

We predicted that response bias would become more conser-
vative as task difficulty and time on task increased (cf. Wylie
et al., 2021). This prediction was supported in the present data.

The model for the training data (Fig. 3A) showed a significant
positive effect of difficulty level (B = 0.075, SE = 0.011, p <
.001), with response bias showing a more conservative trend
as a function of difficulty level. No other term was significant
in the model (all ps > .235). The approach of selecting the
best-fitting nested model from this training model resulted in
a model that only retained difficulty level, which was highly
significant (B = 0.08, SE = 0.006, p < .001).

The model for the testing data (Fig. 3B) showed that, rela-
tive to the specific test, response bias on both the timbre gen-
eralization (B = 0.20, SE = 0.07, p = .008) and octave general-
ization (B = 0.29, SE = 0.07, p < .001) tests was significantly
more conservative. A Tukey-corrected post hoc test using the
“emmeans” package (Lenth, 2021) additionally demonstrated
that response bias in the octave generalization test was signif-
icantly more conservative than response bias in the timbre gen-
eralization test (B = 0.17, SE = 0.03, p < .001). Thus, similar to
the sensitivity analyses, all three tests were differentiated from
one another in terms of response bias (with bias becoming
increasingly conservative going from specific to timbre gener-
alization to octave generalization tests). Participants in the
mixed condition were also more conservative in their responses
compared to participants in the diatonic condition (B = 0.30, SE
= 0.07, p < .001). In terms of higher-order interactions, similar
to the sensitivity analyses, there was a significant interaction
between testing context and condition (mixed vs. diatonic; B =
-0.42, SE = 0.08, p < .001). This interaction was characterized
by amore conservative approach for diatonic participants going
from a tonal to a chromatic context (c = 0.88 and 0.94, respec-
tively). In contrast, participants in the mixed condition became
relativelymore liberal going from a tonal to a chromatic context
(c = 1.19 and 0.87, respectively). There was also a significant
two-way interaction between condition (non-diatonic vs. dia-
tonic) and test (octave vs. specific; B = 0.20, SE = 0.09, p =
.031). This interaction was characterized by both conditions
becoming more conservative for the octave generalization test
relative to the specific test, with the non-diatonic participants
becoming even more conservative (c = 0.78 to 1.15) compared
to the diatonic participants (c = 0.76 to 1.05). There were ad-
ditionally two three-way interactions that reached significance.
First, there was a three-way interaction between condition
(non-diatonic vs. diatonic), testing context, and test (timbre
generalization vs. specific; B = -0.30, SE = 0.11, p = .005).
This interaction was characterized by both conditions becom-
ing more conservative when tested in a tonal context going
from the specific test to the timbre generalization test (c =
0.73 to 0.91 for the diatonic participants and c = 0.70 to 1.05
for the non-diatonic participants). In contrast, when tested in a
chromatic context, diatonic participants became more conser-
vative going from the specific to the timbre generalization test
(c = 0.81 to 0.95), whereas non-diatonic participants were rel-
atively stable in their response bias (c = 0.86 to 0.89). Second,
there was a three-way interaction between condition (non-
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diatonic vs. diatonic), testing context, and test (octave general-
ization vs. specific; B = -0.23, SE = 0.11, p = .034). This
interaction was characterized by both conditions becoming
comparably more conservative when tested in a chromatic con-
text going from the specific test to the octave generalization test
(c = 0.81 to 1.08 for the diatonic participants and c = 0.86 to
1.13 for the non-diatonic participants). In contrast, when tested
in a tonal context, non-diatonic participants becamemuchmore
conservative going from the specific to the octave generaliza-
tion test (c = 0.70 to 1.17) compared to diatonic participants (c
= 0.73 to 1.02).

No other term was significant in the model. The best-fitting
nested model contained test type (specific, timbre generaliza-
tion, octave generalization), testing context (chromatic, tonal),
condition (diatonic, non-diatonic, mixed), and the two-way
interaction between testing context and condition. In the
best-fitting model, the main effects of the timbre generaliza-
tion and octave generalization tests (relative to the specific
test), as well as the interaction of testing context and the mixed
condition (relative to the diatonic condition) were significant.

Analysis of response distributions

Although signal detection measures provide an assess-
ment of sensitivity and response bias, they do not inher-
ently provide a detailed examination of how participants
incorrectly classified notes (as all “false alarms” are treat-
ed as equivalent). To better characterize the distributions
of responses in which participants reported hearing the
target note, we therefore analyzed each response in rela-
tion to the target note. We began by simply plotting the
descriptive statistics (histograms of deviations from the
target note) in Fig. 4A. These histograms reveal a striking
difference between the octave generalization test and both
the specific and the timbre generalization tests. Unlike the
specific and timbre generalization distributions, which ap-
pear unimodal and centered on 0 (i.e., the target note), the
octave generalization distribution is skewed right, with a
modal response of -5 semitones (i.e., G4). This qualitative
assessment of the distributions is quantitatively explored
in the subsequent paragraphs of this subsection.

Fig. 3 Summary of mean training and testing response bias (c) as a
function of condition. Error bars represent ±1 standard error of the mean.
The dashed line represents an ideal observer (i.e., identical proportions of

misses and false alarms). Values above the dashed line reflect a conser-
vative bias (i.e., having a higher proportion of misses compared to false
alarms)
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The bootstrapped mean from the specific test was -0.19
semitones (95% CI: [-0.35, 0.01]). The bootstrapped mean
from the timbre generalization test was -0.08 semitones
(95% CI: [-0.15, 0.27]), which fell within the confidence in-
terval of the specific test. In contrast, the bootstrapped mean
for the octave generalization test was -1.88 semitones (95%
CI: [-2.21, -1.76]). The octave generalization test was the only
distribution not including zero in its confidence interval, and
its confidence interval was non-overlapping with both the
specific and timbre test distributions.

The bootstrapped standard deviation from the specific test
was 2.83 semitones (95% CI: [2.64, 2.93]). The bootstrapped
standard deviation from the timbre generalization test was
3.43 semitones (95% CI: [3.34, 3.66]), which fell outside of
the 95% confidence interval of the specific test and thus sug-
gests greater variability in responses. The bootstrapped stan-
dard deviation from the octave generalization test was 3.76
semitones (95% CI: [3.71, 4.05]). Taken together, the results
from the bootstrapping can be summarized in the following
way. First, relative to the specific test, responses in the timbre
generalization test were distributed similarly around the target

note but were significantly more variable. Second, responses
in the octave generalization test were significantly shifted to-
wards the lower end of the distribution and were significantly
more variable than both the specific and timbre generalization
tests. The results from the bootstrapping analyses are plotted
in Fig. 4B.

The mixture model fit to the specific test suggested that the
data were somewhat well characterized by two Gaussian distri-
butions, with the first distribution contributing 32.2% to
explaining the specific test data and the second distribution
contributing 67.8%. However, these two distributions were
not differentiated in terms of their mean value (-0.13 vs. -0.24
semitones, respectively); rather the distributions were differen-
tiated in terms of their variance. The first distribution had
relatively little variance (SD = 0.59), whereas the second
distribution had a much wider variance (SD = 3.46). The
two Gaussian distributions are overlaid on the specific test
data in Fig. 5A. The mixture model fit to the timbre general-
ization test suggested that the data were not as well charac-
terized by twoGaussian distributions, with themodel failing
to converge. The first distribution (M = -0.91, SD = 2.97)

Fig. 4 Histograms of performance in relation to the target note. Panel A depicts individual responses as a function of Test. Panel B depicts the results
from the bootstrapped means (left) and standard deviations (right), with Test represented by color
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contributed 78.9% to explaining the timbre generalization
test data. The second distribution (M = 2.40, SD = 3.47) only
contributed 21.1% to explaining the data. The two Gaussian
distributions are overlaid on the timbre generalization test
data in Fig. 5B. The mixture model fit to the octave general-
ization test suggested that the data were well explained by
two Gaussian distributions. The first distribution explained
40.0% of the octave generalization test data and was several
semitones lower than the target note (M = -4.37, SD = 1.60).
The second distribution explained 60.0% of the data andwas
centered around the target note (M = -0.03, SD = 3.60). The
two Gaussian distributions are overlaid on the octave gener-
alization test data in Fig. 5C.

Based on the finding that participants systematically
misclassified G4 as C5 in the octave generalization test, we
conducted an exploratory analysis to assess whether this result
differed across training conditions. Results from this analysis
suggested that the odds of misclassifying G4 as C5 varied as a
function of condition. Specifically, compared to the diatonic
training condition (which was used as the reference category),
participants in the non-diatonic condition (B = -0.73, SE =
0.26, p = .005) had lower log odds of misclassifying G4 as
C5, despite limiting the analyses to chromatic test trials in
which both groups were equally likely to hear G4. In contrast,
the mixed condition (B = -0.22, SE = 0.27, p < .410) did not
differ from the diatonic condition with respect to misclassifying
G4 as C5. A post hoc comparison between the non-diatonic and
mixed training conditions showed that the non-diatonic
condition had marginally lower odds of misclassifying
G4 as C5 (B = -0.51, SE = 0.26, p = .073).

Musical experience and performance

The results from the exploratory correlational analyses are
reported in Table 2. The musical experience measures were

positively intercorrelated, as were the d’ values from several
of the training blocks. Performance on the specific test was
also significantly correlated with performance on training
blocks 2–6. However, performance on the timbre and octave
generalization tests were not significantly correlated with ei-
ther performance on the specific test or with performance on
any of the training blocks. Additionally, we did not find any
evidence that either the demographic or the musical experi-
ence measures related to training or testing performance.

Discussion

Adult participants clearly learned to differentiate “middle C”
(C4) from other notes, regardless of the tonal context used in
training (see Fig. 2B). Furthermore, in testing, participants
were able to recognize C4 outside of any tonal context (i.e.,
the chromatic test trials), which represents a more stringent
test of AP by presenting all 12 pitch classes with equal prob-
ability. Participants were also able to partly generalize to an
unheard instrument, as evidenced by the above-chance (albeit
attenuated) performance in the test using a French horn timbre
that was not presented during training. This finding suggests
that the skill acquired in the present study would not be con-
sidered instrument-specific AP (cf. Reymore & Hansen,
2020).

However, the most striking finding of the present study is
that the current AP training paradigm resulted in relatively
weak generalization across octaves, even relative to generali-
zation across timbres (see Fig. 2B). Although sensitivity was
above chance for octave generalization, the d-prime was close
to zero and the effect size was small. This finding has several
immediate implications; notably, it demonstrates the impor-
tance of including testing across octaves as a necessary ele-
ment of any valid AP test. The fact that participants were able

Fig. 5 Gaussian mixture models applied to each test. The solid red and
blue lines outline the two Gaussian distributions that provided the best fit
of the histograms for each test. The dotted black line outlines the overall

shape of the distribution. A deviation of 0 corresponds to correctly
identifying a note as the target note
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to demonstrate learning across a variety of tonal contexts and
generalize across timbre but not octave to the same degree
suggests that participants did not use pitch chroma exclusive-
ly, but rather some other learning strategy (such as pitch
height, discussed in detail below). This weak generalization
across octaves also implies that although both timbre and oc-
tave generalization are necessary components of “genuine”
AP ability, they are likely achieved via different mechanisms
or listening strategies.

A detailed analysis of the distribution of participant re-
sponses demonstrated that participants used pitch height and
relative pitch alongside pitch chroma in recognizing C (see
Fig. 4A). These strategies would result in high levels of per-
formance when pitch height and pitch chroma were not disso-
ciable (i.e., the specific and timbre generalization tests), but
lower levels of performance when pitch height and pitch chro-
ma were dissociable (i.e., the octave generalization test). In
support of this conjecture, whereas the modal response in the
specific and timbre generalization tests was centered around
the target note C4, the modal response in the octave tests was a
deviation of -5 semitones from the target note C5 (i.e., G4).
The choice of one of the lowest pitches in the octave suggests
that subjects were looking for a pitch closest to the range in
which they were trained (i.e., the use of pitch height as a
strategy). This pattern of results is also not easily explained
by participants simply being confused about the task; the in-
structions prior to the octave generalization test explicitly stat-
ed that the Cs would sound higher than the ones heard in
training, and the results of the Gaussian mixture models found
evidence that some responses were correctly distributed
around the target note of C5 (Fig. 4C). Given that pitch chro-
ma and pitch height are dissociable constructs with

differentiable neural pathways (Warren et al., 2003), it is pos-
sible that participants defaulted to using pitch height as a cue,
which would not have provided any benefit to categorization
based on chroma. The important question that stems from this
finding is whether the task could be manipulated in a manner
to emphasize pitch chroma over pitch height for octave gen-
eralization, or whether most listeners are simply unable to
attend to pitch chroma in listening contexts when pitch height
is varied. For example, future work might consider strategies
for framing octave generalization to facilitate understanding
the task in terms of pitch chroma (e.g., to engage in explicit
imagery processes of imagining what a higher or lower C
would sound like). If performance improves considerably
with this kind of intervention, it suggests that participants in
the present experiment might be able to categorize based on
pitch chroma, even in a novel pitch height range. In contrast, if
this kind of intervention does not improve octave generaliza-
tion performance, this might suggest that genuine AP training
may only be possible for some individuals (e.g., see Van
Hedger et al., 2019).

Although the use of pitch height alone would have led
participants to simply select the lowest pitch of the set (which
was E4 for the octave generalization test), we suggest that a
relative pitch strategy was also used due to the fact that G4
was the lowest pitch of the set that had a strong relative tonal
relationship with the target note (e.g., see Krumhansl, 1979).
G and C are separated by a perfect fifth, which share a
privileged relationship in Western tonal music. In addition to
participants rating pitch classes separated by perfect fifths to
have high congruence/goodness-of-fit (e.g., Krumhansl,
1979), corpus analyses have found that the perfect fifth is
the second most common note in tonal contexts apart from

Table 2 Correlation matrix of questionnaire measures and performance (d’)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1. Age -

2.Musical Training -.06 -

3.Piano .04 .62 -

4.Years of Training .06 .92 .61 -

5.Active Musician .01 .72 .54 .75 -

6.Training - Block 1 -.03 .03 .06 .11 .05 -

7.Training - Block 2 -.01 .36 .36 .44 .39 .50 -

8.Training - Block 3 .06 .20 .20 .27 .16 .55 .72 -

9.Training - Block 4 .12 .39 .33 .49 .32 .38 .72 .69 -

10.Training - Block 5 .04 .18 .20 .26 .14 .37 .71 .74 .75 -

11.Training - Block 6 .03 .25 .29 .35 .15 .41 .72 .76 .76 .83 -

12.Specific Test .05 .10 .15 .23 .05 .29 .61 .66 .71 .72 .79 -

13.Octave Test .17 .20 .04 .23 .08 .06 .16 .16 .25 .10 .20 .25 -

14.Timbre Test .10 .22 .23 .24 -.04 .04 .35 .37 .37 .41 .49 .43 .44 -

Note: Significant correlations, using an FDR correction, are highlighted in bold. 1: Age of participant, 2: Reported musical training (1/0), 3: Reported
piano training (1/0), 4: Years of training on primary instrument, 5: Currently active musician (1/0)
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the tonic (Temperley & de Clercq, 2013). Furthermore, novel
song melodies that contain a higher proportion of perfect
fourths and fifths are more likely to be falsely remembered
as being in the original key of the song (Van Hedger et al.,
2022), suggesting a role of the tonal hierarchy on the learning
and memory of musical events. Thus, it is reasonable to con-
clude that listeners learned to attend to pitch height based on
the training (which did not vary octave) and, when this cue
was disrupted, relied on some combination of pitch height and
relative pitch (e.g., selecting the pitch that was closest to C4 in
both pitch height and psychological distance).

It is also interesting to note that the (mis)classification of
G4 as C5 was augmented in the diatonic training condition, at
least relative to the non-diatonic training condition. This find-
ing further supports the idea that participants used tonal con-
text in the present training paradigm, even if tonal context did
not lead to overall changes in detecting the target note. On the
one hand, it is perhaps not surprising that participants in the
diatonic training condition mislabeled G4 as C5 more often
than those in the non-diatonic condition, as the former partic-
ipants would have heard G4 in all trained keys (C, G, F)
during training given its close relationship to C. In fact, par-
ticipants in the non-diatonic condition did not receive any
experience with the pitch class G until chromatic testing, as
the trained key signatures all did not contain G (E, F#, B). On
the other hand, given that feedback was provided after every
note in training, it is also reasonable to expect that participants
in the diatonic condition would have been less susceptible to
this misclassification, as they would have received more ex-
plicit feedback during training about pitch class G. In this
sense, the heightened misclassification of G4 as C5 for the
diatonic condition participants might represent a kind of “false
memory” based on tonal similarity (cf. Vuvan et al., 2014).

Analyses of response bias also demonstrated systematic
changes as a function of both training difficulty level and test.
Generally, participants became more conservative (i.e., less
likely to classify a note as “C”) as difficulty increased. This
pattern was apparent in both training and testing, with increas-
ingly conservative response bias going from the specific test
to timbre generalization to octave generalization. This overall
pattern is perhaps not surprising, particularly for the timbre
and octave generalization tests, as the targets in these tests
were never experienced in training and thus participants may
have been more hesitant to classify any sound as the target.

Despite the understanding in AP research that generaliza-
tion across both octaves and timbres is a critical feature of
“genuine” AP (e.g., Bachem, 1937; Reymore & Hansen,
2020), the explicit testing of both of these dimensions is in-
consistent in the literature. Significantly, the closest analogues
of the current training paradigm fail to test octave or timbre
generalization at all, and yet are interpreted as providing em-
pirical evidence for “critical period” mechanisms of AP ac-
quisition. Crozier (1997) trained groups of kindergarteners

and ninth-graders to identify A4 (440 Hz) for 5 min a day,
ultimately finding that the kindergarteners outperformed the
ninth-graders. Testing involved reproducing A4 from memo-
ry, then identifying A4 from a set of three notes six times.
However, non-target notes were always at least four semitones
away from the target note in height. Crozier (1997) suggests
that the distancing of the target note from the non-target notes
calls into question whether participants were relying on either
pitch height or relative pitch to discern the target note instead
of pitch chroma. Russo et al. (2003) expanded upon Crozier
(1997) by implementing several methodological changes –
namely, training participants individually rather than as a part
of a group, comparing younger (3- to 4-year-old) and older (5-
to 6-year-old) children to adults, and testing the target note
(C4) with six non-target notes, without a pitch gap between
the non-target and target notes. Russo et al. (2003) conceptu-
ally replicated Crozier (1997) in finding that the 5- to 6-year-
old participants outperformed both the 3- to 4-year-olds and
the adults.

Although both of the above studies have been used tomake
claims with respect to mechanisms of AP acquisition, neither
study assessed generalization beyond the exact trained note
(either in terms of timbre or octave generalization) and thus,
based on the present findings, cannot be used to make strong
claims that pitch chroma was learned. Crozier (1997) argues
in favor of the critical period theory in addition to other mech-
anisms for learning AP, but at the same time concedes that
disentangling the contributions of relative and absolute pitch
as potential strategies was not possible given the paradigm.
Russo et al. (2003) claims the study “provide[s] strong support
for a critical period for absolute pitch acquisition” (p.119),
despite not testing how learning generalized across timbres
or octaves. As such, the findings of the present experiment
contextualize these prior investigations of AP training. Had
an octave generalization test not been included in the present
study, the conclusion that robust, adult AP learning may have
been erroneously reached. The present experiment therefore
emphasizes the need to both train and test for AP in a manner
that is consistent with its definition, ensuring that participants
are able to successfully demonstrate all the skills of a typical
AP possessor before being labeled as such. Not doing so may
result in measuring learning of a different dimension, such as
pitch height, the strategy we believe the present results dem-
onstrate the participants were using.

Although the argument that AP testing must incorporate
timbre and octave generalization appears to be limited to the
field of music perception and cognition, the present findings
have broader implications for measurement in psychology and
behavioral science. Any experimental investigation must
operationalize a complex construct (e.g., executive functions,
personality) in terms of quantifiable, performance metrics on a
task. However, it is important to ensure that any given task is
adequately capturing the presumed dimensions of interest for
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a given construct in a theory-driven manner – i.e., to ensure
construct validity of a given measurement (e.g., Smith, 2005).
In the present context, it is clear that a theory-driven measure
of AP would necessarily dissociate pitch height from pitch
chroma, which is accomplished through testing multiple oc-
taves. However, these specific findings reassert broader con-
clusions that psychological tasks need to be designed in a
theory-drivenmanner and additionally should not be conflated
with the construct of interest.

The present study does not inherently refute or support a
critical period theory of AP acquisition. It does, however,
suggest that octave and timbre generalization should be con-
sidered necessary components of any training study seeking to
make claims about AP learning mechanisms, regardless of the
age of participants. As the present results make clear, training
and testing a single frequency may not even be complex
enough for what could be considered “proof-of-concept” AP
learning, as learning can manifest even if participants attend to
the wrong cue; without testing multiple octaves, it is impossi-
ble to distinguish whether subjects are learning pitch height or
pitch chroma. Future studies could expand upon the findings
of Crozier (1997) and Russo et al. (2003), for example, by
testing how children and adults perform at octave generaliza-
tion tasks. If indeed, as both findings suggest, children are able
to outperform adults in AP generalization tests, this would
provide a more rigorous standard of evidence to support a
critical period theory of AP acquisition.

The present study aimed to examine the difference in learn-
ing accuracy in various tonal contexts presented during train-
ing; however, the results suggested that tonal context had a
small effect in training and no significant effect in testing. This
lack of an effect in testing was unexpected; however, because
the present findings suggest participants were attending to
pitch height and not pitch chroma, it is possible that the pres-
ent results are not well-suited to address the role of tonal
context in AP learning. There was some evidence that training
in a diatonic context resulted in improved learning, particular-
ly at the most difficult levels of training (see Figure 2A). This
finding could be argued in support of Brady’s (1970) fixed-
scale theory of AP learning; he suggests that some people may
learn pitches from one scale, and then use their relative rela-
tionships to an anchor note (i.e., the tonic) to form chroma
even when not using the same scale. Future work building
upon the present study would be of value; particularly, an
adaptation of the training program that includes target Cs in
multiple octaves would eliminate the subjects’ option to rely
solely on pitch height, the results of which would be better
suited to analyze the relationship between context and
learning.

Only a minority of participants reported any prior musical
training (see Fig. S1 in the Online Supplemental Material
(OSM) for a histogram), making the observed learning more
notable. Although the associations between musical training

and AP learning in the present study were nominally positive
(Table 2), they were relatively weak and did not survive FDR
corrections. This lack of an association at first glance may
appear surprising, yet it can be interpreted in a larger context
of prior work associating musical training to pitch chroma
representations among non-AP possessors. Van Hedger et al.
(2015a) found that auditory working memory mediated the
relationship between a musical measure (age of beginning
musical training) and explicit AP learning. Furthermore, ab-
solute pitch memory for popular recordings has similarly been
demonstrated among nonmusicians (Schellenberg & Trehub,
2003), with a related experiment concluding that there is no
significant association between explicit musical training and
absolute pitch memory for familiar recordings (Van Hedger
et al., 2018a). These findings may provide insight into the
observed learning in this explicit AP training paradigm, which
similarly did not seem to be strongly associated with aspects
of formal musical training. However, it is also important to
note that our musical questions might not have been sensitive
enough to detect associations, as we only asked participants to
describe their musical training within relatively broad catego-
ries (e.g., “5 to 10 years”) and our sample was zero inflated
(i.e., the majority of participants reported no musical training).

Overall, the present study found that a graded difficulty
learning paradigm can rapidly teach participants to distin-
guish C4 from other notes, and that this learning is still
demonstrable when the target note is presented with equal
likelihood relative to any other note (i.e., independent of a
tonal context) and when feedback is not provided.
Participants were able to partly generalize across instru-
ments, demonstrated by significantly attenuated (but still
above-chance) performance relative to the trained instru-
ment. Most importantly, the present study concludes that
the participants’ weakened ability to generalize across oc-
taves suggests that both present and prior paradigms that
train a single target frequency are inappropriate measures
of AP learning – even as proof-of-concept demonstrations.
Without an assessment of octave generalization, partici-
pants can rely on alternative strategies (e.g., attending to
pitch height) that cannot be disentangled from pitch chro-
ma. The present findings therefore argue in favor of oblig-
atory testing that spans timbre and octave for any work that
seeks to assess AP training and performance. Doing so will
give clarity to the mechanisms that are actually being used
in any attempts to train AP, which will strengthen the lit-
erature for and foster better understanding of the learning
and maintenance of AP across the lifespan.
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