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ABSTRACT OF THE DISSERTATION

Trying Not to Fall Flat: Cognitive and Neural Investigations of Major/Minor Musical
Processing

By

Solena Davine Mednicoff

Doctor of Philosophy in Cognitive Sciences

University of California, Irvine, 2021

Professor Charles Chubb, Chair

Musical emotions have become a facet in music perception that is ubiquitously understood,

yet difficult to define. Music holds the unique ability to communicate many emotions as

well as change one’s emotional state. For example, major and minor modes hold a special

connection in music that drives emotional meaning. Research shows that many listeners hear

major and minor music as sounding “happy” and “sad,” respectively; however, other research

shows that many listeners (70%) cannot discriminate between the major and minor musical

modes (Chubb et al., 2013; Dean and Chubb, 2017). Thus, this dissertation uses behavioral

and functional magnetic resonance imaging (fMRI) experiments to investigate the difference

between those low-performing listeners who cannot and those high-performing listeners who

can discriminate between major and minor musical stimuli. Studies that have demonstrated

this divide in performance have used stimuli called tone-scrambles: rapid, random sequences

of tones drawn from either a major or minor chord. Chapter 1 questions whether low-

performing listeners would be able to discriminate between major and minor tone-scrambles

if their tones are presented more slowly and with longer duration. Results from this chapter

show that the performance of low-performing listeners does not improve when the stimuli

are slowed down. In fact, performance was poorest in the slowest experimental condition.

This implies that high-performing listeners do not differ from low-performing listeners solely

xvi



in being able to extract differences in mode from very rapid stimuli. Chapter 2 investigates

whether a 2-hour training regimen in the tone-scramble task is sufficient to improve per-

formance of low-performing listeners. The results show that a small proportion of initially

low-performing listeners benefit substantially from training. Most low-performers, however,

show no significant improvement. This result shows that the gap that separates low- from

high-performing listeners is not easily overcome. Finally, chapter 3 explores whether there

are neural differences between the high- and low-performing listeners using fMRI. Results

from the chapters of this dissertation suggest that certain listeners possess sensitivity to the

difference between major and minor music that others lack and that this difference has little

to do with musical training.
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0.1 Introduction

Musical meaning and emotions have become a facet in music perception that is ubiquitously

understood, yet difficult to define. Music engages people of all ages from every cultures

in unique patterns of sounds, which is one of the reasons why music makes for such a

powerful stimulus. Another reason why music is such a powerful stimulus is due to its

multi-dynamic features, such as rhythm, tempo, timbre, or pitch. Yet, these multi-dynamic

features also make music perception difficult to study from a foundational level, for it is a

combination of these features that ultimately creates the meaning behind what is known

as “music” rather than arbitrary patterns of sounds. Numerous studies have looked at the

individual components of music to apply to the mechanisms that drive different brain systems

underlying actions, emotions, social cognition, and mechanisms of memory and attention

(Janata, 2015). However, summarizing the literature constituting all music perception which

has crescendoed over the past 20 years would be boundless; therefore, the phenomenon of

cognitive and neural differences in tonal perception, specifically to major versus minor mode,

is the key focus of this dissertation.

Major and minor musical modes are central to the meaning of music, yet the experience of

music is not as simple as the perception of a pure auditory sound. Typically major music

sounds “happy” to listeners whereas minor music sounds “sad”. Despite this idea, research

has shown that 70% of listeners cannot tell apart the difference when they hear a major versus

a minor sequence of notes, but 30% of listeners could, indicating a bimodal distribution in

performance across listeners (Chubb et al., 2013; Dean and Chubb, 2017). Many musicians

and non-musicians alike scored in the the group that could, but what was surprising about

this finding was that many musicians with over 10 years of musical training also fell within the

group that could not. Performance in this task correlated with performance in other tasks

that required discrimination of other scale-defined qualities besides the major and minor

third, suggesting a specialized “scale-sensitivity” that varies dramatically across subjects and
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that is poorly predicted by the number of years of musical training (Dean and Chubb, 2017).

Thus, the experiments of this dissertation build upon this research to investigate whether

the bimodal distribution in performance can be eliminated and listeners’ performance can

improve, and if not, whether this ability to discriminate between the two modes is an inherent

trait.

Chapter 1 questioned the speed and complexity of the stimuli used in Chubb et al. (2013),

and if the stimuli were to be slowed down and made more musical, would it help the 70%

of listeners who performed at chance to hear the difference between the major versus minor

stimuli? The short answer is no.

Considering performance could not be improved despite making the stimuli sound closer to

music, chapter 2 investigates whether additional training in the task could help performance

or enable the low-sensitivity listeners to hear the difference.

Finally, chapter 3 digs deeper into the origin of this bimodal distribution, and whether a

difference exists neurally between the high- and low- sensitivity listeners. Specifically, this

experiment recruited a subset of high- and low- sensitivity listeners to test with functional

magnetic resonance imaging (fMRI) if differences in neural regions or patterns of activity

existed between the high- and low- sensitivity listeners.

To conclude, as demonstrated below through the experiments of this dissertation, music is

a complex stimulus that modulates behavior in ways that are not generally assumed.
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Chapter 1

Many listeners cannot discriminate

major vs. minor tone-scrambles

regardless of presentation rate

1.1 Introduction

Music in the major scale sounds “happy” to many listeners whereas music in the minor scale

sounds “sad” (Blechner, 1977; Crowder, 1984, 1985a,b; Gagnon and Peretz, 2003; Gerardi

and Gerken, 1995; Heinlein, 1928; Hevner, 1935; Kastner and Crowder, 1990; Temperley and

Tan, 2013). Because of this striking difference, the major and minor scales have come to

play a central role in western music. Surprisingly, however, many listeners have difficulty

discriminating major vs. minor melodies (Halpern, 1984; Halpern et al., 1998; Leaver and

Halpern, 2004).

Chubb et al. (2013) investigated sensitivity to major vs. minor musical modes using stim-

uli called tone-scrambles designed to isolate scale-induced perceptual qualities from other
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aspects of music structure. All tone-scrambles used in their first experiment contained 32,

randomly-sequenced, 65ms tones from the Western diatonic scales, including 8 each of the

notes G5, D6 and G6 (to establish G as the tonic of each stimulus); in addition, major tone-

scrambles contained 8 B5’s (degree 3 of the G major scale) whereas minor tone-scrambles

contained 8 B[5’s (degree 3 of the G minor scale). On each trial, the listener heard a tone-

scramble and strove (with feedback) to classify it as major vs. minor. The distribution of

performance was dramatically bimodal: roughly 70% of listeners were near chance; the rest

were near perfect.

Evidently, high-performers possess auditory capabilities that low-performers lack. Dean and

Chubb (2017) explored the nature of these capabilities. They tested listeners in five tasks.

In each, the stimuli were tone-scrambles comprising 32, randomly sequenced, 65ms tones;

like the tone-scrambles used by Chubb et al. (2013), all stimuli contained 8 each of the notes

G5, D6 and G6 (to establish G as the tonic of every stimulus in all conditions). In addition,

each stimulus contained 8 identical target notes. In the “2” task, the target notes were either

A[5’s or A5’s (lowered second or second scale degree); in the “3” task, the target tones were

either B[5’s or B5’s (minor or major third scale degree, replicating Chubb et al. (2013)); in

the “4” task, the target tones were either C6’s or D[6’s (fourth scale degree or tritone); in

the “6” task, the target tones were either E[6’s or E6’s (minor or major sixth scale degree);

and in the “7” task, the target tones were either F6’s or G[6’s (minor or major seventh scale

degree).

The results were well-described by a “bilinear” model proposing that performance in all five

tasks is determined predominantly by a single computational resource R. Specifically, for

any listener k and any task t, let Rk be the amount of R possessed by listener k, and let

Ft be the strength with which R facilitates task t. Then the bilinear model asserts that the

sensitivity (as reflected by d′) of listener k to the difference between the two types of stimuli
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in task t is

d′k,t = RkFt. (1.1)

This model accounted for 79% of the variance in d′k,t across 139 listeners and the 5 tasks.

Consonant with the results of Chubb et al. (2013), roughly 70% of listeners had R-levels

near zero, yielding near-chance performance in all 5 tasks; the rest had R-levels that enabled

much better performance. However, some tasks were facilitated more strongly than others

by R: the highest levels of performance were achieved in the 2, 3 and 6 tasks; the 4 task was

harder, and the 7 task was harder still. Thus F2 ≈ F3 ≈ F6 > F4 > F7.

What do these findings suggest about the nature of the resource R? The 3, 6 and possibly

the 7 tasks require differential sensitivity to the major vs. minor scale. In each of these

tasks, one target note belongs to the major but not the minor scale, and the other belongs

to the minor but not the major scale. However, in each of the 2 and 4 tasks, one target note

belongs to both the major and minor scales, and the other belongs to neither. Dean and

Chubb (2017) concluded that R is not specific to the difference between the major vs. minor

scales but rather that R confers sensitivity more generally to the spectrum of qualities that

music can achieve by creating a scale through establishing a tonic and selecting a subset of

notes relative to that tonic. Accordingly, Dean and Chubb (2017) called R “scale-sensitivity.”

1.1.1 Musical training and scale-sensitivity (SS).

On average, trained musicians have higher SS than non-musicians. In particular, years of

musical training and tone-scramble task performance are strongly correlated (Chubb et al.,

2013; Dean and Chubb, 2017). Plausibly, however, these correlations are driven by a self-

selection bias: listeners high in SS are more likely to seek out musical training than listeners

low in SS. This interpretation is supported by the following observations. The positive
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correlation between years of musical training and SS seen in previous studies (Chubb et al.,

2013; Dean and Chubb, 2017) was driven primarily by a large group of listeners with no

musical training who had low SS and a smaller group with many years of musical experience

who had high SS. Strikingly, however, these studies (Chubb et al., 2013; Dean and Chubb,

2017) have also found a number of listeners with substantial training but low SS as well as

other listeners with little training but high SS suggesting that musical training is neither

necessary nor sufficient to attain high levels of SS. However, the highest levels of SS seem

to be achieved only by listeners with at least 4 years of musical training (Dean and Chubb,

2017). Thus, although musical training is not sufficient for SS, it may be necessary to attain

the highest levels of SS.

1.1.2 The current study.

Is “scale-sensitivity” really an appropriate name for R? The tone-scrambles used in previous

studies (Chubb et al., 2013; Dean and Chubb, 2017) all presented tones at the rate of

15.38/sec listeners are maximally sensitive to temporal amplitude modulations (of a white

noise carrier) from 2 Hz up to 16 Hz with gradually decreasing sensitivity to temporal

frequencies above 16 Hz (Viemeister, 1979) suggesting that listeners should be very sensitive

to the amplitude modulations use in the tone-scrambles in previous studies (Chubb et al.,

2013; Dean and Chubb, 2017).

However, other research has documented strong individual differences in various temporal-

sequence-discrimination tasks (Johnson et al., 1987; Kidd et al., 2007) raising the possibility

that high-performers in tone-scramble tasks differ from low-performers solely in being able

to extract scale-generated qualities from these rapid, musically degenerate stimuli. If so,

then if the stimuli are presented more slowly, the gap in sensitivity separating high and low

performers should disappear. The main purpose of the current study was to investigate this
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possibility.

1.2 Methods

All methods were approved by the UCI Institutional Review Board.

1.2.1 Participants.

Seventy-three UC Irvine undergraduates were compensated with course credit. All had self-

reported norrmal hearing. The mean number of years of training was 3.1 (standard deviation:

3.94). Forty-five had at least one year of musical training.

1.2.2 Stimuli.

The stimuli tone-scrambles composed of pure tones windowed by a raised cosine function with

a 22.5 ms rise time. Five different notes were used, all from the equal-tempered chromatic

scale: G5 (783.99 Hz), B[5 (932.33 Hz), B5 (987.77 Hz), D6 (1174.66 Hz), and G6 (1567.98

Hz). Table 1 lists the 8 different types of tone-scrambles used. For n = 1, 2, 4, 8, the n-each

stimuli included n each of the notes G5, D6, and G6 as well as n copies of a target note

T which was B5 in n-each major stimuli vs. B[5 in n-each minor stimuli. Each tone in

an n-each stimulus lasted 520
n
ms. For example, a 4-each-major tone-scramble consisted of a

random sequence of 16 tones, each 130ms; 4 of these tones were G5’s, 4 were B5’s, 4 were

D6’s and 4 were G6’s. Note that each of the eight different types of tone-scramble had a

total duration of 2.08 sec.
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1.2.3 Design.

Listeners were tested in four different, separately blocked tasks: the 1-, 2-, 4- and 8-tasks.

On each trial in the n-task (n = 1, 2, 4, 8), the listener heard an n-each stimulus and strove

to judge whether it was major or minor. In the response prompt, the two types of stimuli

were identified as “HAPPY (major)” and “SAD (minor)”; the listener entered “1” on the

keyboard for “major” or “2” for “minor.” Correctness feedback was given after each trial,

and proportion correct was presented at the end of each block. In each task, the listener

performed two blocks of 50 trials with a brief break in between. Each block contained 25

major stimuli and 25 minor stimuli. Task order was counterbalanced across listeners a using

Latin square design. For the basic analysis reported in Sec. III, we followed the procedure of

the previous tone-scramble studies (Chubb et al., 2013; Dean and Chubb, 2017) and treated

the first block of trials as practice and used d′ estimated from the second block of 50 trials as

our basic dependent measure. (The results would be very similar if d′ were computed using

all 100 trials.) In the task-specific analyses reported in Sec. V, to increase statistical power,

we used all 100 trials from each L.

task stimulus type tone duration # G5’s # B5[’s # B5’s # D6’s # G6’s

1-task

1-each-major 520 ms 1 0 1 1 1

1-each-minor 520 ms 1 1 0 1 1

2-task

2-each-major 260 ms 2 0 2 2 2

2-each-minor 260 ms 2 2 0 2 2

4-task

4-each-major 130 ms 4 0 4 4 4

4-each-minor 130 ms 4 4 0 4 4

8-task

8-each-major 65 ms 8 0 8 8 8

8-each-minor 65 ms 8 8 0 8 8

Table 1.1: The eight different types of tone-scramble used in the current experiment. For
k = 1, 2, 4, 8, in the “k-task” on each trial the listener heard either a k-each-major or a
k-each-minor tone-scramble and strove to judge which type she had heard. Feedback was
given after each trial.
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At the start of the experiment, each listener filled out a brief questionnaire. The only

information from this questionnaire that is used in the analysis below is the number of years

of musical training. Testing was done in a quiet lab on a Windows Dell computer with a

standard Realtek audio/sound card using Matlab. Stimuli were presented at the rate of 50000

samples/sec. During testing, the listener wore JBL Elite 300 noise-cancelling headphones

with volume adjusted to his or her comfort level. Prior to the first block of trials in the

n-task (for n = 1, 2, 4, 8), the listener was presented with eight, visually identified, example

stimuli alternating between n-each-major and n-each-minor tone-scrambles.

1.2.4 Can we account for performance in the 1-, 2-, 4- and 8-tasks

in terms of a single cognitive resource?

It is possible that the slower major and minor tone-scrambles used in the 1-, 2- and/or 4-

tasks may be discriminable by neural systems other than the system used by high-performing

listeners in the 8-task. If so, then multiple cognitive resources may be required to account

for variations in performance across all four tasks. In this case, the bilinear model is likely

to provide a poor description of the data.

Conversely, if performance is well-described by the bilinear model, then plausibly the same

cognitive resource that underlies performance in the 8-task also controls performance in the

1-, 2- and 4-tasks. Note that in this case, if the results for the 8-task replicate previous

findings (Chubb et al., 2013; Dean and Chubb, 2017), then the majority of listeners k will

perform poorly in the 8-task, implying that they have levels of Rk near 0, implying in turn

that they will also perform poorly in the 1-, 2- and 4-tasks.

In the current context, the bilinear model proposes that the values d′k,t achieved by all 73

listeners k in all four tasks t are captured by Eq. 1.1, where Rk is the amount of R possessed

by listener k and Ft is the strength with which task t is facilitated by R.
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Note that the model of Eq. 1.1 is underconstrained. We get exactly the same predictions

from a model in which (1) Rk is rescaled by an arbitrary factor A and (2) Ft is rescaled by

A−1. To avoid this problem, we impose the constraint that

∑
tasks t

Ft = 4 (where 4 is the number of tasks). (1.2)

Eq. 1.2 makes it easy to interpret the results. If all four tasks are equally facilitated by

R, then Ft will be 1 for all tasks. Deviations from 1 directly indicate relative facilitation

strength. In addition, imposing this constraint also makes Rk a prediction of the average

value of d′k,t achieved by listener k across the four tasks. (Note, however, that Dean and

Chubb (2017) imposed a different constraint: they forced the sum of squared Ft values to

be 1.)

1.3 Results

In computing d′ values for the analyses reported in this section, we used only the last 50

trials in each task (treating the first 50 as practice). If a listener responded correctly on all 25

“major” (or “minor”) stimuli, the probability of a correct “major” (“minor”) response was

adjusted to 24.5
25

= 0.98 (Macmillan and Kaplan, 1985). This yields d′ = 4.1075 for listeners

who perform perfectly across all 50 trials.

For each pair of tasks, Fig. 1.1 plots the d′s achieved (by all listeners) in one task against

those achieved in the other. Note first that in each scatterplot, there is (i) a large group of

listeners for whom d′ is near 0 in both tasks and (ii) a smaller group of listeners who achieve

levels of d′ near 4.1075 in both tasks. In addition, there are other listeners intermediate

between these two extreme groups. The relative difficulty of the two tasks being compared

in a given scatterplot is evident in the distribution of d′s for this intermediate group.
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Figure 1.1: Scatterplots of d′ achieved by all Ls in each pair of tasks. d′ estimates are based
on the last 50 trials in each task. Associated with each scatterplot are a t-statistic and the
corresponding p-value derived from a paired samples t-test of the null hypothesis that the
mean value of d′ is equal for the two tasks. Note that the 1-task yields lower values of d′

than the all of the other tasks.

In each scatterplot in the left column of Fig. 1.1, the points corresponding to these interme-

diate listeners fall above the main diagonal; this reveals that the intermediate listeners tend

to achieve higher levels of d′ in each of the 2-, 4- and 8-tasks than they do in the 1-task.

That these differences in task difficulty are significant is confirmed by paired-samples t-tests

(null hypothesis: the mean values of d′ are equal for the tasks being compared); the p-values

comparing the 1-task to the 2-, 4- and 8-tasks are all highly significant. By contrast, none

of the tests comparing the mean d′s between the 2-, 4- and 8-tasks reach significance. We

conclude that the 1-task is more difficult than the other three tasks, which are roughly equal

in difficulty.
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1.3.1 The bilinear model results.

The estimated values of Ft are shown in Fig. 1.2. Consonant with the t-test results described

above, F1-task is lower than all of F2-task, F4-task and F8-task. Below we address the question

of why this is.

1-task 2-task 4-task 8-task
Task t

0
0.1

0.78

0.98

1.12

Ft

Figure 1.2: Estimated values of Ft for the four tasks. As suggested by Fig. 1.1, F1-task is
lower than all of F2-task, F4-task and F8-task, reflecting the fact that performance in the 1-task
is facilitated less strongly by the cognitive resource R than are the other three tasks. Error
bars are 95% Bayesian credible intervals.

The left panel of Figure 1.3 shows the histogram of R levels estimated for our 73 listeners.

As found by Dean and Chubb (2017), the histogram is positively skewed with many listeners

with R values near 0 but does not appear bimodal. However, the histogram of predicted

proportions correct in the 8-task (assuming listeners used optimal criteria) is bimodal and

similar to that observed in Experiment 1 of Chubb et al. (2013).

The bilinear model provides an excellent description of the results. This is shown by Fig. 1.4

which plots the estimates of d′k,t derived individually from the the data for each listener k in

each task t against the values predicted by the bilinear model. The bilinear model accounts
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Figure 1.3: Left panel: Histogram of estimated R levels for all Ls. This histogram shows
high skew, with a large number of Ls with R values near 0 and a long positive tail. Right
panel: the histogram of predicted proportion correct in the 8-task corresponding to the R
levels in the left panel. This histogram appears bimodal even though the histogram of R
levels does not.

for 84% of the variance in the values of d′k,t for our 73 listeners across the 1-, 2-, 4- and

8-tasks, reflecting the strong relationship visible in Fig. 1.4.

However, the bilinear model does not account for all of the structure in the data. An F -test

comparing the bilinear model with a model allowing d′k,t to depend two cognitive resources

yields F (74, 142) = 1.93, p = 0.0004 implying that the 2-resource model fits significantly

better. Adding a third cognitive resource does not significantly improve the fit with two

resources (F (72, 70) = 1.17, p = 0.25). We conclude that performance is influenced slightly

but significantly by variations in a single cognitive resource in addition to R.

1.3.2 The effect of music training.

Fig. 1.5 plots listeners’ R-levels as a function of their years of musical training. The corre-

lation of 0.50 is due mainly to many listeners with no musical training who have low levels

of R. Of the 25 listeners k in our sample who had 5 or more years of musical training, 13

had Rk < 1 (corresponding to < 70% correct across all four tasks). Note, in particular, that
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Figure 1.4: The description provided by the bilinear model. This scatterplot contains a point
for each listener k in each task t. The abscissa is the value of d′k,t predicted by the bilinear
model, and the ordinate is the corresponding maximum likelihood estimate of d′k,t derived
independently from the the data for listener k in task t. As indicated by the legend, points
derived from different tasks t are plotted in different gray-scales.

the lone listener with 18 years of musical experience had SS 0.32. Many such listeners with

substantial musical training but low levels of R have been previously reported (Chubb et al.,

2013; Dean and Chubb, 2017).

Strikingly, however, in both the study of Dean and Chubb (2017) and the current study,

listeners with few years of musical training invariably possess lower levels of R than do the

most sensitive listeners with five or more years of musical training. Out of all of the 43

listeners, k, in the current sample with two or fewer years of musical training, none achieved

levels of Rk higher than around 2 (corresponding to an average proportion correct around

86% across all four tasks). By contrast, four of the 25 listeners k with 5 or more years of

musical training had Rk near 4 (corresponding to near perfect performance across all four
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tasks).
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Figure 1.5: The relation between years of musical training and R.

1.4 Discussion of the present study

The current study sought to determine whether low-performers in tone-scramble tasks (Chubb

et al., 2013; Dean and Chubb, 2017) would do better if the stimuli were presented more slowly.

The answer is no. In particular, the 1-task – in which each note was presented for more than

half a second – proved to be the most difficult.

Moreover, performance across all of the 1-, 2-, 4- and 8-tasks is well-described by the bilinear

model of Eq. 1.1 suggesting that performance in these four tasks depends predominantly on

a single cognitive resource. Given that the 8-task was included both in the current study

and in the study of Dean and Chubb (2017), it is likely that a single cognitive resource R
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controls performance in all the tasks used in the current study and the study of Dean and

Chubb (2017).

In ruling out the possibility that high-performers in the 8-task differ from low-performers

merely in their ability to extract scale-defined qualities from very rapid note sequences, the

current findings bolster the interpretation of R suggested by the name “SS,” i.e., that R

confers general sensitivity to the range of qualities that music can achieve by being in a scale

(Dean and Chubb, 2017).

A final question remains from the current study. This is the focus of the next section.

1.5 What makes the 1-task harder than the 2-, 4- and

8-tasks?

1.5.1 Some notation.

It will be convenient to indicate the notes G5, B[5, B5, D6 and G6 by the integers 1, 4, 5, 8,

and 13, reflecting their locations in the chromatic scale starting at G5. We will refer to these

numbers as the “pitch-heights” of notes. We shall also use the symbol “T” to refer to the

“target” note (4 or 5) in a given stimulus. Thus, if a stimulus S has T = 4, then S is minor; if

S has T = 5, then S is major. A “note-order” is a permutation of the four symbols, “1”, “8”,

“13” and “T”; by substituting “4” (“5”) for T, we obtain a symbol string corresponding

to a minor (major) stimulus. Finally, for a given note-order Q, we will write S+
Q for the

stimulus with note-order Q that has T = 5 and S−Q for the stimulus with note-order Q that

has T = 4.
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1.5.2 The order of the tones in a stimulus affects responding.

As revealed by Fig. 1.6, the results from the 1-task show unanticipated structure. This figure

presents results averaged across all 100 trials performed by each of our 73 listeners. For each

stimulus S, Fig. 1.6 plots the proportion of all of the trials on which S was presented that

the response was “major.” If the judgments of our listeners depended only on whether S

has T = 4 or T = 5, then across the 24 different note-orders on the horizontal axis, each

of the plots for S with T = 5 and T = 4 would be flat. On the contrary, we see dramatic

and roughly parallel variations in the two curves suggesting that, regardless of whether the

stimulus is major or minor, the order of the notes strongly influences our listeners’ responses.
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Figure 1.6: The proportion of “major” responses to all 48 task-1 stimuli S. The plot pools
the data across all 100 trials performed by all 73 Ls. The gray markers show the proportion
of “major” responses for major stimuli (target note T = 5); the black markers show the
proportion of “major” responses for the corresponding minor stimuli (target note T = 4).
The note-order of a given stimulus S is shown (running downward) at the bottom of the
figure; 1 = G5, 4 = B[5, 5 = B5, 8 = D6, 13 = G6. Error bars are 95% confidence intervals
for the mean proportion.
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1.5.3 Modeling note-order effects.

Note that listeners k whose levels of Rk are very high are likely to perform perfectly in the

1-task; because the responses of such listeners depend only on whether T = 4 or T = 5,

they will necessarily be invariant with respect to the order of the notes in the stimulus.

Conversely, the responses of any listeners whose level of Rk is insufficient to produce perfect

performance may show dependencies on the order of notes in the stimulus. It is difficult,

however, to anticipate the pattern of such dependencies. For this reason, both of the models

described below allow the strength of note-order effects to vary freely as a function of Rk.

1.5.3.1 The general modeling framework.

Both of the models we consider assume that when listener k is presented with stimulus S,

the listener computes a noisy internal statistic and compares it to a criterion ηk that is

fixed across all trials performed in the 1-task by listener k. If this internal statistic is larger

than ηk, the listener responds “major”; otherwise, the listener responds “minor.” We use the

symbol “Mk,S” to denote the expectation of this internal statistic, and we assume that the

noise is Gaussian with standard deviation 1. Formally,

Response of L k to stimulus S =

 “Major” if Mk,S +X > ηk

“Minor” if Mk,S +X < ηk

, (1.3)

where X is a standard normal random variable.

The fullest model of the form expressed by Eq. 1.3 allows Mk,S to be a free parameter for

each listener k and each task S. However, this model provides no traction in understanding

the effects revealed by Fig. 1.6. Instead, we consider two nested models below, each of which

is nested within the fullest model.
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The first model we consider is called the “descriptive” model because its purpose is to

describe with full freedom the variations in the stimulus-specific biases present in the data.

Accordingly, the descriptive model includes free parameters for all of these biases. The

“pitch-height-biased” model described below will attempt to capture with fewer parameters

the pattern of the biases revealed by the descriptive model.

1.5.4 Fitting procedures.

To estimate parameter values for each of the descriptive and pitch-height-biased models, we

use a Bayesian fitting procedure. Specifically, we assume a jointly uniform prior distribu-

tion with wide bounds on all model parameters. We then use Markov chain Monte Carlo

simulation to extract a sample of vectors from the posterior joint density characterizing the

parameters. All of the error bars in figures plotting parameter values give the 0.025 and

0.975 quantiles of the marginal density for the given parameter.

1.5.5 The descriptive model.

For any stimulus S, let

τS =

 1 if stimulus S has T = 5,

−1 if stimulus S has T = 4.
(1.4)

Thus, τS is the variable that the listener should be using to make her judgment on each

trial. However, Fig. 1.6 suggests that different stimuli S inject stimulus-specific biases into

the judgments of many listeners k. For any stimulus S, we write βS for the bias associated

with S. We assume that the influence on Mk,S both of τS and also of βS depends on Rk.

19



Specifically, the descriptive model assumes that

Mk,S = fτ (Rk)τS + fβ(Rk)βS, (1.5)

where the function fτ (R) reflects the strength with which the response of a listener with

SS R is influenced by τS (i.e., whether S has T = 4 or T = 5), and the function fβ(R)

reflects the strength with which the response of a listener with SS R is influenced by the

stimulus-specific bias βS.

To limit the number of parameters contributed to the model by fτ (R) and fβ(R), we force

each of these functions to assign a fixed value to all Rk in a given sextile of the distribution

of scale-sensitivities observed across all listeners k in the current study.

In order for the descriptive model (Eq. 1.5) to be uniquely specified, additional constraints

need to be imposed on the stimulus-specific biases βS. Specifically, we require that

∑
S

βS = 0 and
1

48

∑
S

β2
S = 1, (1.6)

where each sum is over all 48 stimuli S. The first constraint insures that the βS values can’t

trade off with the threshold values ηk. The second constraint insures that the βS values

can’t trade off with fβ. The specific form of this second constraint on the βS values is

chosen to make their magnitudes comparable to those of the τS values (which also satisfy

1
48

∑
S τ

2
S = 1).

The parameters of the descriptive model are the 48 βS values, the six values of each of fτ

and fβ and the 73 values of ηk. Therefore, taking into account the two degrees of freedom

sacrificed by imposing the constraints of Eq. 1.6 on the βS values, the model has 73+48+12-2

= 131 degrees of freedom.

The main aim of this model is to derive estimates of the stimulus-specific biases, βS, that
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are cleanly dissociated from the powerful influences that we know are exerted by τS on the

responses of listeners high in SS. We naturally expect fτ (R) to increase strongly with R. We

also know that for very high values of R, fβ(R) must tend to 0; however, we have no strong

a priori expectations concerning the form of fτ (R) for lower values of R.

1.5.6 Results from the descriptive model

The stimulus-specific biases βS for all 48 stimuli S are shown in Fig. 1.7. Across the 24

note-orders on the horizontal axis, the gray markers show the results for stimuli S with T

= 5, and the black markers show the results for S with T = 4. The main thing to note is

that there are dramatic differences between the stimulus-specific biases for different stimuli,

and these biases appear similar for major and minor stimuli with the same note-order.

Note-order of stimulus S

-2

-1

0

1

2

3

S

1
T
8
13

1
T
13
8

1
8
T
13

1
8
13
T

1
13
T
8

1
13
8
T

T
1
8
13

T
1
13
8

T
8
1
13

T
8
13
1

T
13
1
8

T
13
8
1

8
1
T
13

8
1
13
T

8
T
1
13

8
T
13
1

8
13
1
T

8
13
T
1

13
1
T
8

13
1
8
T

13
T
1
8

13
T
8
1

13
8
1
T

13
8
T
1

T = 5 (major)
T = 4 (minor)

Figure 1.7: The stimulus-specific biases βS for the 48 1-task stimuli S. The gray markers
show the stimulus-specific biases for stimuli S with T = 5; the black markers show the
stimulus-specific biases for stimuli S with T = 4. The note-order of a given stimulus S is
shown (running downward) at the bottom of the figure. Error bars are 95% Bayesian credible
intervals.
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It is useful to replot the data in terms of the following two statistics:

δQ =
βS+

Q
− βS−

Q

2
(1.7)

and

µQ =
βS+

Q
+ βS−

Q

2
. (1.8)

Thus δQ reflects sensitivity to the difference between target notes 5 vs. 4 in the context of

note-order Q, and µQ reflects the bias injected by note-order Q regardless of the target note.

The black disks in the left (right) panel of Fig. 1.8 plot µQ (δQ) for all 24 note-orders.

The gray triangles in the left panel plot the fit provided by the nested “pitch-height-biased”

model described below. The fact that nearly all of the credible intervals in the right panel

contain 0 shows that note-order exerts little or no influence on sensitivity to the difference

between target notes 5 vs. 4. By contrast, as shown by the black disks in the left panel, the

note-order-specific bias µQ depends strongly on Q.
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Figure 1.8: The note-order-specific biases µQ (left panel) and note-order-specific sensitivities
δQ (right panel) for the 24 note-orders Q. The note-orders on the horizontal axis run down-
ward. The black circles show the estimates derived from the descriptive model in which all
stimulus-specific biases are free parameters. The gray triangles show the predictions of the
pitch-height-biased model. Error bars are 95% Bayesian credible intervals.
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The upper left panel of Fig. 1.10 plots the functions fτ (black) and fβ (gray) in the 1-task. As

expected, fτ increases with with Rk. By contrast, fβ remains flat (and significantly greater

than 0) across all 6 sextiles of the the distribution of Rk (with a 50% drop-off for the last

sextile). This implies that whatever factors are operating to produce the note-order-specific

biases µQ are largely invariant with respect to Rk.

1.5.7 The pitch-height-biased model.

Mean pitch-height has been shown to exert strong influence on performance in classifying

major vs. minor tone-scrambles; in particular, tone-scrambles that include more high tonics

(G6’s) than low tonics (G5’s) are more likely to be judged major (Chubb et al., 2013). This

finding suggests that the variations in µQ (the black disks in the left panel of Fig. 1.8) might

depend on the variations in pitch-height across different notes in the stimulus.

The pitch-height-biased model expresses this intuition. Writing S(t) for the pitch-height of

the note in temporal location t = 1, 2, 3, 4, we estimate the stimulus-specific bias βS of a

given stimulus S as follows:

βS =
4∑
t=1

wt (S(t)− 6.625) (1.9)

where the wt’s are model parameters called “sequential pitch-height weights,” and the con-

stant 6.625 is the expected pitch-height of the note occurring on any given trial at any one of

the four sequence locations in the 1-task. The four sequential pitch-height weights actually

use only two degrees of freedom because, in order for the model to be uniquely determined,

the wt’s must (1) sum to 0, and (2) be chosen so that the resulting βS’s satisfy the right side

of Eq. 1.6. The total number of degrees of freedom in the pitch-height-biased model is 87: 2

degrees of freedom for the 48 βS parameters, 73 for the ηk’s, and 6 for each of the functions

fJ and fβ.
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1.5.8 Results from the pitch-height-biased model: the importance

of ending on a high note.

The data are captured very cleanly by the pitch-height-biased model. This is shown by Fig.

1.8. The left (right) panel of Fig. 1.8 plots the µQ (δQ) values given by the descriptive

model (black disks) along with the estimates given by the pitch-height-biased model (gray

triangles). The patterns are strikingly similar even though the pitch-height-biased model

uses only two degrees of freedom to estimate all of the µQ and δQ values of the descriptive

model (48 parameters that take 46 degrees of freedom).
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Figure 1.9: The pitch-height weights for all four tasks. The sequential pitch-height weights
wt, for all locations t in the stimulus in each of the four tasks. These weights are used in
the pitch-heigh-biased model (Eq. 1.9) to estimate the values βS for all 48 stimuli S, and
consequently also the values µQ and δQ for all note-orders Q. Error bars are 95% Bayesian
credible intervals.
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intervals.

The four pitch-height weights used in Eq. 1.9 to estimate the βS values predicted by the

pitch-height-biased model (and consequently also the µQ and δQ values plotted by the gray

triangles in Fig. 1.8) are plotted in the upper left panel of Fig. 1.9. This panel shows

that the bias injected by a particular note-order Q in the 1-task depends primarily on the

pitch-height of the last note (although the weights of the first three notes also significantly

influence mean bias). If the note-order ends on a high note, then the bias will be toward a

“major” response.
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1.5.9 Do the 2-, 4- and 8-tasks also show the ending-on-a-high-

note Effect?

Although the 2-, 4-, and 8-tasks include too many possible stimuli to allow us to fit the

descriptive model in which the influence of each note-order is reflected by a free parameter,

we can easily fit the pitch-height-biased model to the data from each of these conditions.

The resulting sequential pitch-height weights wt for the 2-, 4- and 8-tasks are shown in the

upper right, lower left and lower right panels of Fig. 1.9. Each of these functions shows

that ending on a high note introduces a bias to respond “major.” The upper right, lower left

and lower right panels of Fig. 1.10 show the fτ and fβ functions for these three tasks. The

relative influence of note-order is lower for the 2-, 4- and 8-tasks than it is for the 1-task.

However, note-order exerts a significant influence on the responses of all listeners k other

than those with levels of Rk in highest sextile (who perform nearly perfectly in each of the

2-, 4- and 8-tasks).

1.5.10 Discussion of the note-order effects.

The note-order effects revealed by the analysis are unanticipated. Note-order is entirely

irrelevant to the task; thus, the trial-by-trial feedback that listeners received throughout this

experiment should suppress effects of this sort. Nonetheless, in all four tasks, our listeners

show a powerful bias to respond “major” to stimuli that end on a high note.

The ending-on-a-high-note bias seems to be unrelated to scale sensitivity. The flatness of

the gray curve in the upper left panel of Fig. 1.10 shows that this bias operates in the 1-task

with nearly equal strength across all listeners irrespective of their scale-sensitivities. Similar

effects are seen in the other panels of Fig. 1.10, except that in the 2-, 4- and 8-tasks listeners

k with Rk values in the highest sextile are largely immune to the ending-on-a-high-note bias.
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We speculate that our instructions to classify stimuli as “HAPPY (major)” or “SAD (minor)”

may have produced the ending-on-a-high-note effects. Although the current study sheds no

light on exactly why ending on high (low) note has the effect of making a tone-scramble

sound “HAPPY” (“SAD”), theories about the relationship between music and speech may

shed some light into this effect (Patel, 2005; Patel et al., 2006). In particular, when a speaker

asks a question, or is excited, elated, or happy, the intonation of the voice is steered toward

ending on a high pitch (Juslin and Laukka, 2003; Swaminathan and Schellenberg, 2015;

Curtis and Bharucha, 2010). Thus, if music inherits some of its emotional expressiveness

from our sensitivity to speech variations, then we might expect the ending-on-a-high-note

effect (Romano, 2002).

1.6 General discussion

The current results support the idea that performance of a listener in all of the tasks tested

in the current study as well as those tested by Dean and Chubb (2017) is determined by the

listener’s level of a single cognitive resource R. The current results bolster the proposal of

Dean and Chubb (2017) that R confers general sensitivity to the qualities that music can

achieve by establishing a tonic and selecting a set of notes relative to the tonic to serve as a

scale. This proposal raises the following basic question.

1.6.1 How should we think about scale-defined qualities? The

analogy to color.

The main purpose of this section is to clarify what we take to be the central open questions

concerning SS. We will first describe a working hypothesis concerning the nature of SS. We

will then state the main questions raised in light of this hypothesis. Finally, we will discuss

27



possible methods for addressing these questions.

The qualities of many auditory textures seem to be represented by additive summary statis-

tics (McDermott and Simoncelli, 2011; McDermott et al., 2013), i.e., by neural processes

that compute the average of some temporally local statistic over an extended time window.

Plausibly, this is the case for the qualities that tone-scrambles can evoke. Moreover, the

fact that the performance of listeners with high levels of SS is unperturbed by the random

sequencing of tone-scrambles suggests that the summary statistics corresponding to scale-

defined qualities do not depend on note-order but only on the proportions of different notes in

the stimulus–i.e., on the scale of the stimulus, where the term “scale” refers to the histogram

of notes in the stimulus.

These observations suggest that the auditory system may encode scale-defined qualities anal-

ogously to the way the visual system encodes colors. Note in particular that just as the

scale-defined quality evoked by a tone-scramble is determined by the proportions of different

notes it contains (i.e., by its scale), the color of a light of some fixed quantal flux is simi-

larly determined by the proportions of different-wavelength quanta it contains (i.e., by its

spectrum).

The color of a light for photopic vision is determined by three summary statistics: the

activations produced by the light in the L-, M - and S-cone classes (i.e., the long-, medium-

and short-wavelength sensitive cone classes). For example,

L-cone activation produced by light H = KH

∑
fL(λ)PH(λ) (1.10)

where the sum is over all wavelengths λ that occur in the light, KH is a constant that depends

on the quantal flux of H, PH(λ) gives the proportion of quanta in H that have wavelength

λ, and the function fL(λ) gives the sensitivity of L-cones to quanta of wavelength λ.
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If scale-defined qualities are analogous to colors, then for some set of scale-sensitive neuron

classes C1, C2, · · · , CN , the scale-defined quality evoked by a tone-scramble is determined

by the activations that the tone-scramble produces in these N neuron classes. For a given

neuron class, Ci,

Time-averaged activation produced in Ci by a tone-scramble S = KS

∑
fi(d)PS(d)

(1.11)

where the sum is over all scale-degrees d (relative to whichever note has been established as

the tonic) that occur in the tone-scramble S, KS is a constant that depends on the rate of

presentation of the tones in S, PS(d) gives the proportion of tones in S that have scale-degree

d, and fi(d) gives the sensitivity of neurons in class Ci to tones of scale-degree d.

Of course actual melodies differ from tone-scrambles in that the notes they contain may

vary in such ancillary qualities as attack, timbre, duration, loudness and rhythmic context.

Plausibly, however, these complexities can be handled with a simple modification of Eq.

1.11. Let S(t) be the scale degree of the tth tone in tone-scramble S, and let NS be the total

number of tones in S. Then we can rewrite Eq. 1.11 as follows:

Time-averaged activation produced in Ci by a tone-scramble S =
1

NS

NS∑
t=1

fi(S(t)). (1.12)

If we suppose that the ancillary features of a given note in a melody M collectively operate

only to modify the weight exerted by that note in activating a given neuron class Ci, then

we can generalize Eq. 1.12 as follows:
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Time-averaged activation produced in Ci by melody M = (1.13)

1

Total M -weight

NM∑
t=1

fi(M(t))WM(t)

where M(t) is the scale-degree of the tth note of M , NM is the number of notes in M , and

WM(t) is the weight (determined by the ancillary features of the tth note of M) exerted by

the tth note in M , and

Total M -weight =

NM∑
t=1

WM(t). (1.14)

In summary, if the auditory system represents scale-defined qualities analogously to the way

in which the visual system represents colors, then (for listeners with non-zero SS)

1. The auditory system contains neuron classes Ci, i = 1, 2, · · · , N , each of which confers

sensitivity to a different dimension of scale-defined quality.

2. The scale-defined quality sensed by neurons in class Ci is characterized by a sensitivity

function fi(d) that reflects the influence exerted on the activation of neurons in this

class by tones of scale degree d (relative to whichever note has been established as the

tonic).

3. The time-averaged activation produced in a neuron in class Ci by a tone-scramble S is

given by Eq. 1.12.

4. Under the assumption that the ancillary qualities of a note (e.g., its attack, timbre,

loudness, and duration) in an actual melody operate only to modify the weight that

the note exerts in activating neurons in class Ci, the time-averaged activation produced

by any melody M in a neuron in class Ci is given by Eq. 1.13.
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This model may well prove to be false, in which case future experiments are likely to reject

it; however, from our current vantage point, it provides a useful working hypothesis. Under

the tentative assumption that the model is true, several important questions leap out:

• How many distinct neuron classes Ci exist in the auditory systems of listeners with

high SS?

• What do the different classes Ci sense? I.e., what are the sensitivity functions fi(d)

characterizing the different neuron classes Ci?

• How do the different ancillary properties of a note (attack, timbre, loudness, rhythmic

context) operate to modify the weight exerted by the note in Eq. 1.13?

Various psychophysical methods can be used to attack these questions. By testing the

relative discriminability of a sufficiently large number of tone-scrambles with different note-

histograms, it is possible to determine the space spanned by the sensitivity functions fi,

i = 1, 2, · · · , N . The dimensionality of this space is a lower bound on the number of neu-

ron classes Ci that are sensitive to scale-defined qualities. (This was essentially the method

used by Maxwell (1855) to show that human color perception is 3-dimensional.) It is more

challenging to determine the actual sensitivity functions fi characterizing individual classes

Ci of scale-sensitive neurons. A method for addressing this problem has recently been de-

veloped and applied in the domain of visual perception to analyze the mechanisms sensitive

to spatially random mixtures of small squares varying in gray-scale (Silva and Chubb, 2014;

Victor et al., 2017).

In order to investigate the influence of the ancillary properties of a note on the weight it

exerts in activating a give scale-sensitive neuron class, Ci, it is first necessary to construct

tone-scrambles whose note-histogram “isolates” the neuron class Ci. In order to construct

such tone-scrambles, one must first determine the sensitivity functions fj characterizing all
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of the neuron classes Cj. Then one must derive the component f̃i of fi that is orthogonal to

the space spanned by all of the other fj’s (e.g., by using Gram-Schmidt orthogonalization).

Then in the context of a task requiring the participant to classify tone-scrambles whose

histograms differ by f̃i, one can vary the ancillary properties of the notes in the stimulus to

measure the influence that these changes exert on performance.

1.6.2 Melodic contour and the ending-on-a-high-note bias.

The contour of a melody (the rising and falling pattern of pitch in the melody) is an important

aspect of melodic structure that has long been a focus of research (Justice and Bharucha,

2002; Quinn, 1999; Schmuckler, 1999, 2016). In the current context, if we define the pitch-

height of a tone as 1, 4, 5, 8 or 13 depending on whether the tone is a G5, B[5, B5, D6 or G6,

then for n = 1, 2, 4, 8, the pitch contour of a stimulus in the n-task is the vector S of length n

whose tth entry is the pitch-height of the tth tone in the stimulus. As revealed by the analysis

of the 1-task in Sec. V., the pitch contours of the stimuli in all of the 1-, 2-, 4- and 8-tasks

strongly influenced the judgments of most listeners. This influence obeys a simple rule. For

the n-task, there exists a pitch-contour sensitivity profile w = (w1, w2, · · · , wn) common to

all listeners, and the additive bias exerted on a L’s decision statistic is the inner product of

w with S.

Strikingly, this effect operates with equal strength across all listeners except those with

the highest levels of SS. This suggests that sensitivity to this feature of the stimulus is

independent of SS.

This observation raises the possibility that, in general, sensitivity to melodic contour is

independent of SS. To investigate this issue, one would need to devise new tasks to measure

sensitivity to melodic contour. For this purpose, one could use tone-scramble-like stimuli.

However, to assess sensitivity to melodic contour, one would want to use the same note
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histogram across all trials while varying the temporal order of the notes in the stimulus.

For example, one might use stimuli comprising random permutations of 13, 65ms tones, one

each of the 13 notes in the chromatic scale from G5 to G6. In a given task condition, the

listener would strive, on each trial, to judge (with feedback) whether the pitch contour of

the stimulus correlated positively vs. negatively with a particular “target” contour that was

fixed across all trials in the condition. This target contour might resemble the contours

shown in Fig. 1.9 or it might take a different form.

Contour-sensitivity tasks of this sort can be used to probe the question of whether or not

sensitivity to melodic contour is independent of SS. A natural approach is to measure per-

formance in both the 8-task (to gauge SS) and in a contour-sensitivity task across a large

sample of listeners. If the correlations between performance in the two tasks are low, this

would lend support to the claim that contour-sensitivity is independent of SS.

1.6.3 Does musical training increase SS?

The current results echo those of Dean and Chubb (2017) in suggesting that musical training

may heighten SS in some listeners but not in others (Fig. 1.5). The claim that SS can be

heightened in some listeners is supported by the observation that in our sample, at least 5

years of musical training were required to attain the highest levels of SS observed.

On the other hand, the claim that musical training fails to heighten SS in other listeners is

supported by the observation that our sample contained many listeners with 5 or more years

of experience who nonetheless possessed low levels of SS.

The current results thus suggest the following picture: some listeners possess the potential

to attain high levels of SS whereas others do not. Musical training can heighten SS only in

listeners who possess this potential.
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1.6.4 The importance of measuring SS in assessing the effects of

musical training.

Trained musicians have been shown to perform better than non-musicians on a wide range

of auditory tasks. For example, musicians are better than non-musicians at discriminating

simple tones (Buss et al., 2014; Fujioka et al., 2004, 2005; Micheyl et al., 2006) and complex

melodic stimuli (Pantev et al., 1998). They also perform better than non-musicians in tasks

requiring sound segregation (Parbery-Clark et al., 2009), auditory attention (Strait et al.,

2010), speech-processing (Besson et al., 2011a,b; Marie et al., 2010, 2011; Morrill et al., 2015;

Parbery-Clark et al., 2011), as well as executive control (Bialystok and DePape, 2009; Zuk

et al., 2014).

If it is found that musicians perform better than non-musicians in a given task, it is tempting

to leap to the conclusion that musical training improves performance in the task; however,

another possibility is that the task in question requires resources that are inherited or ac-

quired through early experience, and people who possess those resources are more likely to

become musicians than people who do not. It has proven challenging to decide between

these alternatives in many cases.

In any study investigating the relationship between musical training and performance in some

perceptual or cognitive task, we propose that the SS of all listeners should be measured as

a matter of standard practice for the following reasons:

1. If performance in the target task is correlated positively with musical training, this

may be due to the fact that task performance depends on SS.

2. Although SS and years of musical training are correlated, the two variables can be

readily dissociated due to the existence of listeners with little or no musical training

but high SS and other listeners with many years of musical training but very low SS.
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3. It is easy to measure a variable that reflects SS by testing a listener in 100 trials of the

8-task and estimating d′ from the last 50 trials.

4. Only by including SS in one’s model can one determine whether musical training

accounts for any additional variance in predicting task performance.
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Chapter 2

Can training improve performance in

classifying major versus minor

tone-scrambles?

2.1 Introduction

Several studies have provided evidence that, on average, listeners hear music in the major

scale as sounding “happy” and music in the minor scale as sounding “sad” (Bonetti and

Costa, 2019; Crowder, 1984, 1985a,b; Cunningham and Sterling, 1988; Gagnon and Peretz,

2003; Gerardi and Gerken, 1995; Heinlein, 1928; Hevner, 1935; Kastner and Crowder, 1990;

Leaver and Halpern, 2004; Peretz et al., 1998; Temperley and Tan, 2013); however, in many

of these studies, effect sizes are surprisingly modest. For example, Hevner (1935) presented

listeners with 10 passages of classical music that had been recomposed into major and minor

versions, where a given listener heard only one of the two versions. After hearing a given

passage, the listener went through a list of adjective-pairs, selecting the word in each pair
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that best applied to the passage. The adjective “happy” was chosen over “sad” by 70.4%

of the listeners who heard the major versions, and the adjective “sad” was chosen over

“happy” by 62.6% of the listeners who heard the minor versions. Taking “happy” (“sad”)

as the correct response for the major (minor) version of a given passage, the percent correct

observed by Hevner (1935) is 66.5%. The other adjective pairs all yielded lower percents

correct. This average is significantly higher than chance; however, it is far from perfect.

Other studies have shown that both listeners with and without musical training find it

surprisingly difficult to discriminate music in the major and minor modes. Halpern (1984)

asked listeners to rate the similarity/difference of pairs of melodies. Melodies that differed in

rhythm were rated as being highly dissimilar; by contrast, melodies with identical rhythms

that differed in mode (with one being major and the other minor) were rated as being highly

similar. In a later study, Halpern et al. (1998) asked listeners to rate whether two melodies

were similar or different. If the melodies differed in either rhythm or contour, listeners

tended to rate them as highly different; however, if the melodies differed only in mode,

listeners tended to rate them as highly similar.

Leaver and Halpern (2004) tested 43 non-musicians in several tasks investigating sensitivity

to the difference between melodies in the major and minor modes. In one task, the listeners

heard two melodies and had to judge whether they were the same or different (aside from

being in a different key). Melodies that differed in either rhythm or contour were easily

judged to be different, but melodies that differed only in mode were much more difficult

to discriminate. In another task, listeners heard one melody and had to classify it based

on mode. The stimuli for this task were 40 obscure folk-song melodies (20 major and 20

minor). One group of listeners was asked to classify these melodies as “major” or “minor”;

another group was asked to classify them as “happy” or “sad.” The mean performance of the

group tasked with classifying them as “major” or “minor” did not differ significantly from

chance; strikingly, however, the group that classified them as “happy” or “sad” achieved 84%
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correct (SD 7%). It should be noted, however, that this stimulus set was not constructed to

isolate mode as the sole influence on classification performance. The minor (major) melodies

were not recomposed into major (minor) variants; thus, it is possible that the melodies that

tended to be classified as “happy” differed from those that tended to be classified as “sad”

in uncontrolled ways. Indeed, the dramatic difference in performance in the “happy”/“sad”

versus “major”/“minor” conditions argues that there may have been factors other than mode

operating to promote the observed classifications.

Evidence is accumulating that the low average sensitivity observed in previous studies may

reflect a bimodal distribution in performance, with some listeners high and others very low in

sensitivity. Blechner (1977) and Crowder (1985a) (who replicated and extended Blechner’s

results) were the first to observe this bimodal distribution. In both studies, stimuli were

triadic chords that varied in small steps from pure major to pure minor. The base and

upper notes of the triad (which differed by a perfect fifth) were fixed across trials, and the

middle note was varied in small steps from a minor third above the base note to a major

third above the base note. The task was to judge whether the stimulus was closer to pure

major or pure minor. For each listener, a psychometric function (plotting proportion correct

as a function of middle-note frequency) was estimated. In each of the studies of Blechner

(1977) and Crowder (1985a), listeners tended to fall into two distinct categories: for some

listeners, the psychometric functions were very steep (showing that these listeners were very

sensitive to the difference between the major and minor triads); for other listeners, however,

the psychometric functions were close to flat (showing that these listeners could detect little

if any difference between the two types of triads).

Chubb et al. (2013) found additional evidence for this bimodal distribution in sensitivity

to mode variations using stimuli called “tone-scrambles,” i.e., rapid, randomly ordered se-

quences of musical notes, all of the same loudness, timbre and duration. As emphasized by

theories of music composition, the qualities that music can achieve by variations in scale are
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central to its meaning (Rameau, 1722; Schoenberg, 1922; Tymoczko, 2011). The original mo-

tivation for using tone-scrambles as psychophysical stimuli was to isolate such qualities from

other aspects of musical structure. Although tone-scrambles differ dramatically from actual

music, they provide a tool for selectively engaging the neural systems that are differentially

activated by variations in musical “scale.” We use the term “musical scale” very broadly to

refer to the histogram of the notes the music contains. This is not to say that tone-scrambles

may not differentially activate systems sensitive to other aspects of musical structure (e.g.,

systems sensitive to note order); however, in typical tasks that use tone-scrambles (such as

the “3-task” described below), response correctness depends only on the histogram of the

notes in the stimulus. Thus, to achieve optimal performance, the listener must use only

those systems sensitive to variations in note histogram to make their judgments.

In the “3-task” (used in Exp. 1 of Chubb et al. (2013)), each tone-scramble contained eight

copies of each of the notes G5 (low tonic), G6 (high tonic), D6 (degree 5 of both the G major

and G minor scales). In addition, major tone-scrambles included 8 copies of B5 (degree 3 of

the G major scale) whereas minor tone-scrambles included 8 copies of B[5 (degree 3 of the

G minor scale). Each note was a pure tone of duration 65 ms, and the 32 tones in a given

stimulus were presented in random order. Thus notes occurred at the rate of 923 bps, and

stimulus duration was 2.08 sec. The task was to judge (with trial-by-trial feedback) whether

the stimulus was major or minor.

The results revealed a bimodal distribution in performance which has been replicated in

several other studies (Dean and Chubb, 2017; Ho and Chubb, 2020; Mann, 2014; Mednicoff

et al., 2018; Waz and Chubb, 2019). The histogram of proportion correct in the 3-task

pooled across the 506 listeners tested in Chubb et al. (2013); Dean and Chubb (2017); Waz

and Chubb (2019); Mann (2014); Mednicoff et al. (2018) is shown in Fig. 2.1. As this figure

demonstrates, most listeners (approximately 70%) perform near chance; the other 30% are

near perfect.
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Figure 2.1: Histogram of proportion correct in the 3-task. Results (for 506 listeners) are
pooled from Chubb et al. (2013); Dean and Chubb (2017); Waz and Chubb (2019); Mann
(2014); Mednicoff et al. (2018). For each listener, proportion correct is estimated from the
last 50 trials he-or-she performed. All listeners performed at least 40 trials prior to these
last 50.

2.1.1 How do high and low 3-task performers differ in their pro-

cessing capabilities?

The bimodal distribution in 3-task performance (Fig. 2.1) indicates that high-performers

possess processing capabilities that low-performers lack. Dean and Chubb (2017) explored

the nature of these capabilities; they tested listeners in the 3-task as well as four other similar

tone-scramble tasks. All stimuli in each task contained 8 each of the notes, G5, D6 and G6

to establish G as the tonic. In addition, each stimulus contained 8 identical signal tones. In

the “2-task,” the signal-tone note was either A[5 or A5; in the “4-task,” the signal-tone note

was either C6 or C]6; in the “6-task,” the signal-tone note was either E[6 or E6; and in the

“7-task,” the signal-tone note was either F6 or G[6. In each case, the task was to classify

40



the stimulus according to which of the two signal-tone notes it contained.

Dean and Chubb (2017) were able to model their results in terms of a single processing

resource R. Specifically, their “bilinear” model proposed that the sensitivity (as reflected by

d′) of a given listener k to the difference between the two stimulus types in a given task t

was

d′k,t = RkFt (2.1)

where Rk is the level of R possessed by listener k, and Ft is the strength with which perfor-

mance in task t is facilitated by R. The bilinear model (Eq. 2.1) accounted for 79% of the

variance in d′k,t for 139 listeners across the 2-, 3-, 4-, 6- and 7-tasks. Dean and Chubb (2017)

concluded that R predominates in controlling performance across these five tone-scramble

tasks.

What do these findings suggest about the nature of the resource R? The 3-, 6- and possibly

the 7-tasks require differential sensitivity to the major vs. the minor scale. In each of these

tasks, one signal-tone note belongs to the major but not the minor scale; the other belongs

to the minor but not the major scale. However, in the 2- and 4-tasks, one signal-tone note

belongs to both the major and minor scales, and the other belongs to neither scale. Dean and

Chubb (2017) concluded that the resource R is not specific to the difference between major

vs. minor; rather, they proposed that R confers sensitivity more generally to the spectrum

of qualities that music can achieve by establishing a tonic and selecting a subset of notes to

serve as a scale relative to that tonic. This led Dean and Chubb (2017) to call R “scale-

sensitivity,” using the word “scale” very generally to refer to any probability distribution

on a set of notes. They intended the term “scale-sensitivity” to refer to sensitivity to the

qualities that music can achieve by varying this probability distribution. This interpretation

accords with the subjective impressions of high-performing listeners who typically report
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that they base their judgments on qualities evoked by the tone-scrambles that mirror those

evoked by music. For example, high-performers report anecdotally that in the 3-task, major

and minor tone-scrambles have the “happiness” and “sadness” characteristic of music in the

major (ionian) and minor (aeolian) modes.

Under this view, high and low 3-task performers are likely to differ dramatically in their

experience of actual music: high-performers are assailed by variations in scale-defined qual-

ities that low-performers are unable to hear. There are, however, reasons to doubt this

interpretation.

2.1.2 Are high 3-task performers really sensing scale-defined qual-

ities?

It might be objected that high-performers may not be using scale-defined qualities to make

their judgments in tone-scramble tasks. In all of the tone-scramble tasks used in previous

studies, the context tones (the G5’s and D6’s and G6’s) are fixed across all trials, and all other

tones in any stimulus are identical in frequency, taking a value equal to one of two possible

signal notes. This raises the possibility that high-performing listeners may be ignoring the

context tones and simply basing their judgments on the presence vs. absence in the stimulus

of one of the two signal-tone notes on each trial.

An experiment of Waz and Chubb (2019) makes this possibility unlikely. The notes B5

and E6 are scale degrees 3 and 6 of the G major diatonic scale whereas B[5 is scale degree

3 of the G minor scale, and E[6 occurs in three of the four common versions of the G

minor scale (natural minor, harmonic minor and descending melodic minor). Thus, in the

context common to all tone-scrambles in both the 3- and 6-tasks, B5 and E6 might both

be expected to heighten stimulus “majorness” whereas B[5 and E[6 might be expected to

heighten stimulus “minorness”. Dean and Chubb (2017) found that F3-task ≈ F6-task in
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Eq. 2.1 implying that performance in the 3- and 6-tasks was nearly equal. Thus, if high-

performing listeners are basing their judgments on the “majorness” vs. “minorness” of 3-

and 6-task stimuli, then major stimuli should differ from minor stimuli along this spectrum

by roughly the same amount in the 3- and 6-tasks.

In the experiment of Waz and Chubb (2019), each of the 100 listeners was tested in seven

tone-scramble tasks. All stimuli in all tasks comprised of the same 24 context tones: 8 G5’s,

8 D6’s and 8 G6’s, establishing G as the tonic. For our purposes, it is useful to focus on four

of the seven tasks. The first two of these are the 3- and 6-tasks (Dean and Chubb, 2017). As

a reminder, in the 3-task, the eight signal tones in a given stimulus are either all B5’s or else

all B[5’s; and in the 6-task, the eight signal tones in a given stimulus are either all E6’s or

else all E[6’s. The other two tasks are called “hybrid” tasks because stimuli include mixtures

of different signal-tone notes. In the 3u6-task (the “uncrossed 3,6 task”), in addition to the

24 context tones, every Type-1 tone-scramble contained 4 B5’s and 4 E6’s, and every Type-2

stimulus contained 4 B[5’s and 4 E[6’s. In the 3x6-task (the “crossed 3,6 task”), in addition

to the context tones, Type 1 stimuli contained 4 B5’s and 4 E[6’s whereas Type 2 stimuli

contained 4 B[5’s and 4 E6’s.

If high-performing listeners ignore the context tones and base their judgments on the presence

vs. absence of tones of a particular signal frequency in the stimulus, then both of the 3u6-

and 3x6-tasks should be harder than either of the 3- or 6-tasks because any specific signal

frequency that the listener might choose to listen for occurs only half as many times in hybrid

stimuli vs. non-hybrid stimuli. On the other hand, if high-performing listeners base their

judgments on the majorness vs. minorness of the stimulus, then

1. the 3u6-task should yield performance comparable to the 3- and 6-tasks because in this

task (as in the 3- and 6-tasks) Type 1 (Type 2) stimuli contain eight signal tones all of

which operate with roughly equal effectiveness to heighten “majorness” (“minorness”).
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2. the 3x6-task should yield performance that is suppressed in comparison to the 3- and

6-tasks because in this task each of Type 1 and Type 2 stimuli contain four major and

four minor signal tones. Thus, these stimuli should produce qualities that are roughly

equated in their levels of majorness vs. minorness, forcing high-performing listeners to

base their judgments on one or another secondary, scale-defined quality that is unlikely

to support the same level of performance as we see in the 3- and 6-tasks.

In summary, if high-performing listeners base their judgments on the presence vs. absence

of tones of a particular frequency, performance should be suppressed in both of the 3u6-

and 3x6-tasks compared to the 3- and 6-tasks. By contrast, if high-performing listeners base

their judgments on stimulus majorness vs. minorness, then performance in the 3x6-task

should be suppressed in comparison to the other 3 tasks, which should all afford roughly

equal performance.

The findings support the latter prediction. The results of Waz and Chubb (2019) are well-

described by the bilinear model (Eq. 2.1) which accounts for 81% of the variance in dk,t

for 100 listeners across 7 tone-scramble tasks. This implies that a single processing resource

predominates in controlling performance across all of these tasks.

For current purposes, the important result is that F3-task = 1.15, F6-task = 1.11, and

F3u6-task = 1.14, whereas F3x6-task = 0.67. (For all four tasks t, 95% Bayesian credible

intervals are approximately Ft ± 0.04.) Thus, performance in the 3x6-task is suppressed by

roughly 41% in comparison to the 3-, 6- and 3u6-tasks, all of which yield performance that

is equal within measurement error. We conclude that high-performing listeners are in fact

using scale-defined qualities to make their judgments in the 3-, 6-, 3u6- and 3x6-tasks.
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2.1.3 What is the source of the bimodal distribution in 3-task

performance?

Several possible explanations for the bimodal distribution shown in Fig. 2.1 have been ruled

out. First, the tones in a tone-scramble are very rapid (923 bpm); one might therefore

wonder whether high-performers in the 3-task differ from low-performers merely in being

able to extract modal qualities from such rapid stimuli. The answer is no. Mednicoff et al.

(2018) tested listeners in the basic 3-task described above as well as three other, slower 3-task

variants. In the slowest variant, each tone lasted 520 ms, and each stimulus contained only

four, randomly ordered tones, one each of the notes G5, D6, G6 and either a single B5 (in

major stimuli) or a single B[5 (in minor stimuli). This variant of the 3-task proved to be the

hardest of the four, significantly more difficult than the three faster variants (which afforded

roughly equal performance). Mednicoff et al. (2018) concluded that it is not the high rate

of presentation in the 3-task that blocks low-performers from sensing the difference between

major and minor tone-scrambles.

Second, the bimodal distribution shown in Fig. 2.1 is not produced by musical training. Fig.

2.2 plots Years-of-musical-training vs. 3-task-d′ for the same 504 listeners whose performance

histogram is shown in Fig. 2.1. Although performance in the 3-task is positively correlated

with years of musical training (r = 0.44, p = 0.0000), this correlation is driven mainly by a

large group of listeners with no musical training whose 3-task-d′ values are near 0. However,

there also exist (1) some listeners with many years of musical training for whom 3-task-

d′ ≈ 0, showing that musical training does not suffice to produce high performance, and (2)

other listeners with little or no musical training who achieve 3-task-d′ values near ceiling

showing that musical training is not necessary for high performance.

Indeed, Fig. 2.2 is consistent with the idea that skill in the 3-task is largely immune to

musical training. Under this story, sensitivity in the 3-task is fixed early in life, and the
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positive correlation between musical training and 3-task-d′ is due to the fact that listeners

with high sensitivity are more likely to seek out musical training than listeners with low

sensitivity. This idea receives additional support from the finding that 6-month-old infants

show the same bimodal distribution of performance in the 3-task as adults (Adler et al.,

2020).
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Figure 2.2: Scatter plot of years-of-musical-training vs. 3-task-d′. This figure pools results
from Chubb et al. (2013); Dean and Chubb (2017); Waz and Chubb (2019); Mann (2014);
Mednicoff et al. (2018). There are 506 listeners included in this sample. For each listener,
proportion correct is estimated from either 45 or 50 trials.

On the other hand, there is evidence that training can improve 3-task performance for at

least some listeners. First in Fig. 2.2, there are many listeners with 0 years of musical

training, and none of them achieve perfect performance (d′ = 4.1075) in the 3-task. By

contrast, many of the listeners with one or more years of musical training perform perfectly,

suggesting that musical training can elevate 3-task performance at least slightly in some

listeners. Other evidence comes from Chubb et al. (2013). Specifically, in Experiment 2 of

46



that study, 104 listeners were tested in four 50-trial blocks of a variant of the 3-task. (This

task differed from the standard 3-task in that the 16 G’s in each stimulus comprised randomly

varying numbers of G5’s and G6’s.) Thirty-eight of the listeners tested in this task achieved

proportions correct between 0.6 and 0.9. For these listeners, d′ increased significantly on

average across the four blocks (with the largest increase occurring on block 4).

However, it should be noted that 42 listeners in this experiment achieved average proportions

correct less than 0.6; therefore, these listeners did not exhibit learning across the four blocks.

It is possible that for some or all of these listeners, no training regimen exists that can improve

their 3-task performance. It is also possible, however, that these listeners do possess neural

resources sufficient to achieve high levels of 3-task performance which they have thus far

failed to access. Although these low-performing listeners are not immediately assailed by an

obvious, qualitative difference between major and minor 3-task stimuli, they may be able to

tune in to, and perhaps amplify, this difference if their attention is directed to the difference

between stimuli. The current experiment investigates this possibility.

2.1.4 The current study

In all of the previous studies using the 3-task, (Chubb et al., 2013; Dean and Chubb, 2017;

Waz and Chubb, 2019; Mann, 2014; Mednicoff et al., 2018) listeners experienced no more than

200 trials in total. The current study investigated whether low-performing listeners might

benefit from a relatively brief (2-hour) training regimen designed to improve performance in

the 3-task. In particular, if it is found that such a training regimen can boost performance

in all listeners to near ceiling, this would suggest that low-performing listeners need only

overcome some relatively minor processing difficulty in order to hear the same qualitative

differences between major and minor tone-scrambles as high-performing listeners. Such a

finding would suggest that the bimodal distribution in performance (Fig. 2.1) does not reflect
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an important difference in perceptual potential between high- vs. low-performing listeners.

On the other hand, if a large proportion of low-performing listeners fails to benefit from such

a training regimen, this will bolster the claim that the processing potential of these listeners

differs importantly from that of high-performers.

2.2 Methods

All methods were approved by the UCI Institutional Review Board.

2.2.1 Listeners.

Seventy-one undergraduates from the University of California at Irvine participated. All

had self-reported normal hearing. Listeners were compensated with course credit. Forty-

three had one or more years of formal musical training (mean 3.83 years). An additional 44

listeners were excluded from the analysis because they either failed to return for day-2 of the

experiment (n = 28) or because their performance after 200 training trials in the regimen

described below suggested that they were unlikely to benefit from the training regimen

(n = 16). The criterion used to window out the latter class of listeners is described below.

2.2.2 Stimuli.

The stimuli were tone-scrambles. Each tone was a 65ms pure tone windowed by a raised

cosine with at 22.5 ms rise and fall time. All stimuli were constructed from the notes G5

(783.99 Hz), D6 (1174.66 Hz), G6 (1567.98 Hz), B5 (987.77 Hz) and B[5 (932.33 Hz) from

the standard, equal-tempered scale. Any given stimulus contained multiple copies of the

notes G5, D6 and G6; these notes served to establish G as the tonic of each stimulus. In
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addition, major stimuli contained one or more copies of the note B5 (and no occurrences of

B[5) whereas minor stimuli contained one or more copies of the note B[5 (and no occurrences

of B5). The particular numbers of these different notes that occurred in a given stimulus

were varied over the course of training as described below, but each stimulus contained a

total of 32 tones. In any given trial throughout the experiment, the order of the tones in the

stimulus was randomized.

2.2.3 The Basic task.

On any given trial, the listener heard a single tone-scramble and strove to classify it as major

vs. minor. The listener entered a “1” on the keyboard if he-or-she judged the stimulus to be

major or a “2” if minor. Correctness feedback was given visually on the computer monitor

after every trial. To take advantage of the finding of Leaver and Halpern (2004) that non-

musicians are better able to classify melodies as “happy” vs. “sad” than they were to classify

melodies as “major” vs. “minor,” we used a response prompt that encouraged listeners to

think of major tone-scrambles as “happy” and minor tone-scrambles as “sad”. Specifically,

participants read the prompt “Enter 1 for Major (HAPPY) or 2 for Minor (SAD).”

2.2.4 Procedure.

Listeners participated for one hour on each of two consecutive days. The experimental

protocol is outlined in Table 3.1. On day 1, the listener first performed a block of 50

practice trials, then a 50-trial pretest, then six 100-trial training blocks, and a final 50-trial

posttest. On day 2, the listener performed six more 100-trial training blocks and a final

50-trial posttest.

49



Table 2.1: Procedure overview.

Day One Day Two
Practice 1 Block of 50 Trials –
Pretest 1 Block of 50 Trials –
Training 6 Blocks of 100 Trials 6 Blocks of 100 Trials
Posttest 1 Block of 50 Trials 1 Block of 50 Trials

2.2.4.1 The outset.

Each listener completed a questionnaire at the beginning of the experiment. The only infor-

mation that was used from this questionnaire was the number of years of musical training

of each listener. Stimuli were presented through JBL Elite 300 noise-cancelling headphones

with volume adjusted to comfort level prior to testing. Testing was done in a quiet lab space

on a Windows Dell computer with a standard Realtek audio/sound card using Matlab. Be-

fore the initial 50 practice trials, listeners heard eight, visually-identified example stimuli

that altered between the major and minor tone-scrambles.

2.2.4.2 The practice block.

On each trial in the initial practice block, the tone-scramble stimulus contained eight each of

the notes G5, D6 and G6. In addition, each major tone-scramble contained eight B5’s whereas

each minor tone-scramble contained eight B[5’s. These stimuli are identical to those used

in Exp. 1 of Chubb et al. (2013); they have also been used in Dean and Chubb (2017) and

Mednicoff et al. (2018).
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2.2.4.3 The pretest and posttests.

The fifty trials in the pretest and in each of the Day-1 and Day-2 posttests included 25

major and 25 minor tone-scrambles. These were independently generated in the pretest and

in each posttest. We used a more challenging task in the pretest and in each of the Day-1

and Day-2 posttests than had been used in previous studies (Chubb et al., 2013; Dean and

Chubb, 2017; Mednicoff et al., 2018). On each trial in the pretest and each posttest, the

tone-scramble stimulus contained 10 each of the notes G5 and G6 and 11 copies of D6. In

addition, each major tone-scramble contained a single B5 whereas each minor tone-scramble

contained a single B[5. We expect many listeners to perform poorly in the pretest due to

the difficulty of this “single-signal-tone” version of the 3-task. We know, however, that some

high-performers perform perfectly in this task.

Thus, if the training regimen proves effective, then we expect to see at least some listeners

perform near perfectly in the Day-2 post-test. By using the single-signal-tone task instead of

the easier 8-signal-tone task, we sought to spread out the distribution of performance after

training and thereby obtain deeper insight into the distribution of post-training sensitivity.

2.2.4.4 The training blocks.

As suggested by Fig. 2.1, prior to training, many listeners (≈ 70%) hear little (if any)

difference between major vs. minor tone-scrambles. We attempted to provide such listeners

with traction in the task by introducing an ancillary cue intended to enable all listeners to

discriminate major vs. minor tone-scrambles. Over the course of training, as performance

improved, this cue was gradually reduced in strength so that performance would ultimately

need to rely only on the major vs. minor difference.

At the outset of training, all stimuli contained eight each of the notes G5, D6 and G6.
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In addition, all major tone-scrambles contained eight B5’s, and all minor tone-scrambles

contained eight B[5’s. The ancillary cue was introduced as follows: if A is the amplitude

of notes G5, D6, G6 and B[5 in all stimuli, then the starting amplitude of all B5’s was

Amax = 10 × A. Thus at the outset of training, all instances of B5 were 10 dB louder

than the other tones. This imparted a “raggedness” to major tone-scrambles that minor

tone-scrambles lacked.

The strength of this loudness cue was controlled by a 3-down-1-up staircase. In order for the

B5-amplitude to decrease from Amax, the listener had to respond correctly to three stimuli

in a row. Thereafter, following every trial, if the previous three responses were all correct,

the B5-amplitude was decreased by A
5
; otherwise, the B5-amplitude was increased by A

5
(but

never above Amax). Thus, the B5-amplitude staircase included 50 linear steps separating the

Amax from A.

2.2.4.5 The criterion for exclusion after 200 training trials.

After 200 trials of the Day-1 training session (two 100-trial blocks), if the threshold for a

given listener (estimated by fitting a Weibull function to the data from the first 200 trials)

was at staircase-level 40 or higher, the listener was excused from the experiment. The total

number of listeners in this group was 16. The “raggedness” imparted to major stimuli (by

making the B5’s 10 dB louder all of the other tones in either the major or minor stimuli)

seemed to us to be sufficiently obvious to enable all listeners to discriminate major from

minor stimuli at the outset. This suggests that at least some of the listeners in this group

were making insufficient effort. However, we cannot rule out the possibility that some of

these listeners were trying hard but (despite the “raggedness” cue) were unable to hear any

difference between the major and minor stimuli. Regardless of why these listeners failed to

improve, it seems unlikely that any of them would have shown any benefit from the training

regimen. Thus, in excusing them, we were refining our pool to include only listeners who
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were likely to benefit from the training regimen.

2.2.4.6 Extending the staircase levels below zero.

Many listeners performed well enough in the staircase-controlled training sessions that their

B5-amplitudes descended all the way to A. In order to test the sensitivity of these listeners

as thoroughly as possible, seven additional steps were included in the staircase. Across all

of these additional staircase steps, all tones in all stimuli had amplitude A; however, the

number of “signal tones” (B5’s or B[5’s) was decreased below 8. It is convenient to number

the staircase steps from 50 down to -7. The stimuli corresponding to these steps obey the

following rules:

1. for k = 50, 49, · · · , 0,

(a) all stimuli contain eight each of the notes G5, D6, G6 with amplitude A;

(b) all minor stimuli contain eight B[5’s with amplitude A;

(c) all major stimuli contain eight B5’s with amplitude A+ kA
5

.

2. for k = −1,−2, · · · ,−7,

(a) all 32 tones in any stimulus have amplitude A;

(b) the number of B5’s (B[5’s) in all major (minor) stimuli is 8− |k|;

(c) the numbers of G5’s, D6’s and G6’s are selected randomly under the constraint

that any two of them differ by at most one.

At the start of the Day-2 training session, the staircase was reset to level 50 so that the

loudness cue was once more at full strength and the training procedure was repeated.
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Figure 2.3: Histogram of the minimum staircase level attained during training. The fact that
all listeners attained minimum staircase levels near or below 0 suggests that the loudness
cue operated as intended.

2.3 Results

2.3.1 Training session results.

To assess the effectiveness of our training regimen, we will focus mainly on the difference

in performance from the pretest to the Day-1 and Day-2 posttests. First, however, we need

to check the results from the training regimen to verify that the loudness cue worked as

intended. We will also look for evidence that performance improved from the Day-1 to the

Day-2 training session.
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Figure 2.4: Histogram of the proportion of possible trials at staircase level 0 or lower. The
staircase of a given listener k could spend at most 547 trials in a given training session at
level 0 or lower. Let pk be the proportion of those trials for which the staircase of listener k
was at level 0 or lower in a given training session. The left (right) panel shows the histogram
of pk across all listeners k for the Day-1 (Day-2) training session. Note that on Day-2 there
were 10 more listeners than there were on Day-1 whose staircases remained at level 0 or
below across nearly all possible trials; similarly, there were 6 fewer listeners on Day-2 whose
staircases were at level 0 or lower on fewer than 5% of all possible trials.

2.3.1.1 Did the loudness cue work?

If the loudness cue worked as intended, then each listener should have reached staircase levels

near 0 at some point during the 1200 training trials that they performed in. The histogram

of the minimum staircase levels attained by our listeners across the course of the 12 training

blocks is shown in Fig. 2.3. As this figure shows, most listeners managed to reach staircase

levels below 0. Thus, nearly all listeners experienced at least some training trials in which

all tones in both major and minor stimuli were equal in amplitude.

2.3.1.2 Listeners improved from the Day-1 to the Day-2 training session.

Each listener was trained in 600 trials during each of the Day-1 and Day-2 training sessions.

On each day, at least the first 53 of those trials were at staircase levels greater than 0. Thus,
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the staircase of a given listener could spend at most 547 trials in a given training session

at level 0 or lower. The left (right) panel of Fig. 2.4 plots the histogram (across all 71

listeners) of the proportion of the 547 trials in the Day-1 (Day-2) training session on which

the listener’s staircase was at level 0 or lower. There are obvious signs that performance

improved from Day 1 to Day 2. In particular, on Day 2, there were 10 more of the highest-

performing listeners (i.e., listeners whose staircases remained at level 0 or below on over 95%

of all 547 possible trials); there were also 6 fewer of the lowest-performing listeners on Day

2 (i.e., listeners whose staircases were above level 0 on more than 95% of all 547 possible

trials).

2.3.2 Comparing performance across pretest and both posttests.

We measured d′ from the pretest and each of the Day-1 and Day-2 posttests. If a listener

was perfect in any of these tests (i.e. correctly responded “major” (“minor”) to all 25 major

(minor) stimuli), then the probability of the correct response was adjusted to 24.5
25

= 0.98

(Macmillan and Kaplan, 1985). Thus, perfect performance resulted in a d′ value of 4.1075.
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Figure 2.5: Histograms of the distribution of performance across assessments. d′ estimates
are based on the 50 trials in each assessment. Note first that all three histograms are bimodal
with one peak near d′ = 0 and another near d′ = 4 suggesting that some listeners (those with
d′ near zero on posttest 2) fail to improve with training. Note also, however, that the peak
near 0 gets smaller, and the peak near 4 gets larger across the three assessments suggesting
that the performance of some listeners improves with training.
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Figure 2.5 shows the histogram of d′ values achieved by our listeners on each of the pretest

and the Day-1 and Day-2 posttests. Paired samples t-tests confirm that on average d′ values

increase from the pretest to the Day-1 posttest (t = 3.04, df = 70, p = 0.003) and from the

Day-1 posttest to the Day-2 posttest (t = 5.186, df = 70, p < 0.001).

Although we see clear evidence that the performance of at least some listeners improved

with training, the histogram from the Day-2 posttest suggests that many listeners failed

to improve. In particular, the d′ histogram from the Day-2 posttest remains bimodal with

many listeners achieving d′ values near 0.
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Figure 2.6: Scatterplot comparing performance between pretest and Day-2 posttest. Note
that most listeners showed some improvement, and some listeners improved dramatically.
However, many listeners who performed poorly on the pretest also performed poorly on the
posttest suggesting that the training regimen did not help them.

Fig. 2.6 shows a scatterplot of d′ on the pretest vs. d′ on the Day-2 posttest. Here we see

that some initially low-performing listeners improved dramatically. Note, for example, that

one listener who had d′ = 0 on the pretest achieved d′ > 4 on the Day-2 posttest. The points
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corresponding to a number of other listeners are well above the main diagonal indicating

that they improved substantially over the course of training. On the other hand, however,

many listeners who achieved d′ < 1 on the pretest also had d′ < 1 on the Day-2 posttest

suggesting that although training can help some listeners, for most initially poor-performing

listeners, this is not true.

This point is dramatized by Fig. 2.7 which plots a histogram of the improvement in d′ from

pretest to the Day-2 posttest for all listeners who had d′ < 1 on the pretest. Note that 30 out

of the 37 listeners who performed poorly on the pretest show little evidence of improvement

due to training.
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Figure 2.7: Difference in performance between the pretest and the Day-2 posttest for listeners
with pretest d′ < 1.
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Figure 2.8: Scatterplot of performance vs. years of musical training.

2.3.3 The relationship between musical training and performance

Fig. 2.8 shows a scatterplot relating years of musical training to d′ on the Day-2 posttest.

The diagonal line is the regression line, and the correlation of 0.47 is significantly greater

than 0 (p < 0.0001). It should be noted, however, that this correlation is driven primarily

by the large number of listeners with no musical training who perform poorly on the Day-2

posttest. Our sample also contains a number of listeners with little or no musical training

who perform well on the Day-2 posttest as well as other listeners with substantial musical

training who perform relatively poorly on the Day-2 posttest. Thus (consonant with findings

in previous studies), musical training is neither necessary nor sufficient to insure that the

training regimen we have used in the current study can elevate performance in the tone-

scramble task to a high level.
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2.4 Discussion

2.4.1 Most low performers do not benefit from the training regi-

men tested here.

Previous studies have shown that most listeners (≈ 70%) perform near chance in classifying

major vs. minor tone-scrambles (Chubb et al., 2013; Dean and Chubb, 2017; Mann, 2014;

Mednicoff et al., 2018; Waz and Chubb, 2019; Ho and Chubb, 2020). The inability of low-

performing listeners to perform the 3-task (or any of the other tone-scramble tasks used in

Dean and Chubb (2017) or Waz and Chubb (2019)) above chance implies that they are un-

able to extract scale-defined qualities from tone-scrambles. However, Waz and Chubb (2019)

have presented evidence that high-performing listeners do indeed base their responses in the

3-, 6-, 3u6- and 3x6-tasks on scale-defined qualities (as opposed to listening for the pres-

ence vs. absence of a specific signal frequency). Thus high- and low-performers experience

tone-scrambles very differently; for high-performers, tone-scrambles evoke a range of scale-

defined qualities that are not available to low-performers. This raises the possibility that

low-performers may be afflicted by a general deficit in sensitivity to scale-defined qualities,

a deficit that affects not only their experience of tone-scrambles but also of actual music.

Such a contention would be undermined if it could be shown that a modest training in-

tervention worked effectively to eliminate the difference between low- vs. high-performing

listeners. The current results show that for most low-performing listeners, the particular

training regimen we have tested does not alter performance.

This is seen most clearly in Fig. 2.7 which looks specifically at the change in d′ in the

single-signal-tone 3-task for low-performing listeners before and after the two-hour training

regimen. Although seven of these 37 low-performers show substantial improvement, the

other thirty do not.
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It is possible that a different training regimen might be more effective. For example, if the

raggedness cue more naturally aggregates with minorness than with majorness, then the

training regimen might be more effective if the raggedness cue is imparted to the minor

(instead of the major) stimuli. However, we suspect that such regimen-dependent variations

in effectiveness will be small. In particular, the correctness feedback that was provided

after every trial throughout all phases of practice, testing and training should insure that

performance is limited primarily by the processing resources available to the listener rather

than by details of stimulus design. We doubt, therefore, that any two-hour training regimen

will be much more effective than the one tested here. However, in many psychoacoustic

studies, substantial training is required to achieve asymptotic performance levels (Leek and

Watson, 1984, 1988); thus, whether a long-term training regimen might be able to raise the

performance of some low-performing listeners to ceiling remains an open question.

2.4.2 Why do some low-performers improve while others do not?

A brief training regimen such as the one tested here is unlikely to significantly alter the

functionality of neural systems used to respond to differences in auditory qualities. We

therefore assume that any listener who performed near ceiling on the Day-2 posttest had

access at the time of the pretest to the same, highly effective neural system that they used

in the Day-2 posttest.

Our working hypothesis, therefore, is that for listeners in this class, the entire effect of the

training regimen is to clarify which properties to attend to when making their judgments.

Under this story, all listeners who perform near ceiling on the Day-2 posttest are endowed

with equally effective computational resources that are invariant across training; however,

some of these listeners perform poorly prior to training because they use the wrong resources

to determine their responses.
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2.4.3 Do low 3-task performers experience real music differently

from high-performers?

Evidence suggests that high 3-task performers experience a range of scale-defined qualities

in tone-scrambles that low-performers cannot hear. Does this difference in sensitivity also

extend to actual music? If so, then high-performers may experience a wide range of scale-

defined qualities in music that low-performers cannot hear.

It should be noted, However, that tone-scrambles in the 3-task (and the other tasks used in

Dean and Chubb (2017); Mednicoff et al. (2018); Ho and Chubb (2020); Waz and Chubb

(2019)) lack ecological validity. They are faster than actual music (923 BPM). In contrast

to real music in which notes typically have complex and variable attacks and timbres, tone-

scrambles are composed of pure tones. They are also higher in pitch than most music.

Perhaps this combination of non-musical features blocks low-performers from sensing any

difference between major and minor stimuli in the 3-task. Although Mednicoff et al. (2018)

have shown that slowing down 3-task stimuli does not suffice to enable low-performers to

perform well, it is possible that low-performers may improve if the stimuli are (1) slowed

down, and (2) composed of notes with (a) attack and timbre characteristic of an actual

musical instrument and (b) pitches from the middle of the piano keyboard. If so, then low

3-task performers may be able to hear the same scale-defined qualities in actual music that

high-performers can. Experiments are under way to test these possibilities.
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Chapter 3

The Neurobiological Basis of

Major/Minor Musical Mode

Processing

3.1 Introduction

How and why are humans sensitive to music? Music has been found to evoke physical re-

sponses that range from rewarding “chills” (Salimpoor et al., 2011) to enhancing therapeutic

treatment in Alzheimer’s patients (Fang et al., 2017). Pitch is a component in both mu-

sic and language that conveys information (Juslin and Laukka, 2003; Plack and Oxenham,

2005; Swaminathan and Schellenberg, 2015) which may contribute to these responses, and

a growing body of research suggests that musical training may enhance linguistic abilities

(Patel and Iversen, 2007; Koelsch and Siebel, 2005; Slevc, 2012), and more specifically, sen-

sory encoding of pitch patterns as related to speech intelligibility (Patel, 2011; Strait et al.,

2012) and intonation (Magne et al., 2006; Schön et al., 2004). The similarities of pitch in
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both music and language suggests a common processing mechanism between domains and

may explain why people associate affective connotations of major and minor scales of music

as “happy” and “sad,” respectively; however, a majority of the literature is in conflict about

the neurobiological basis of major-minor musical processing, and whether musicians and

non-musicians process music similarly or in different ways (Crowder, 1984, 1985a,b; Halpern

et al., 1998; Leaver and Halpern, 2004). As noted by Virtala and Tervaniemi (2017), re-

search that controls for systematic variations in musical mode using both chords and tone

sequences and that takes careful consideration in comparing performance between musicians

and non-musicians is largely absent from the literature.

The existing literature investigating the neurobiological basis of major-minor musical mode

processing has found behavioral differences in musical ratings between musicians and non-

musicians, yet provides no evidence for differences in underlying neural activity as a function

of musical expertise. In one study, Pallesen et al. (2006) asked participants to rate each chord

on two scales: unpleasant-pleasant and sad-happy. Behaviorally, they found that musicians

rated minor chords as sadder and dissonant chords as more unpleasant, yet no significant

differences in neural activations were seen between the two groups during passive listening.

Because of these results, the authors attribute the difference to a musician’s expertise and

familiarity at recognizing the mode of the stimulus. Consequently, using a univariate, general

linear model typical for analyzing blood oxygen level-dependent (BOLD) signals from fMRI

may be limited. Univariate analyses summarize task-related changes in voxels and regions

of interest; therefore, restricting its ability to capture the full pattern of activity that may

be utilized by a trained musician to discriminate between the two musical modes.

Thus, the differences in neural activity between listeners may only be revealed through mul-

tivariate pattern analyses (MVPA). Two studies, Lee et al. (2011) and Klein and Zatorre

(2015), have used MVPA in music processing research. Lee et al. (2011) showed that the

processing of ascending and descending musical contours was reliably categorized in three
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significant regions (based on searchlight analysis): the right superior temporal sulcus (STS),

the intraparietal lobe (or more specifically intraparietal sulcus), and the anterior cingulate

cortex (ACC). Consistent with those findings, the study conducted by Klein and Zatorre

(2015) revealed significant information in the pattern of neural activations in regions of the

superior temporal and intraparietal sulci that discriminated major and minor stimuli; how-

ever, only six trained musicians, who were deemed experts at the behavioral task, ultimately

completed the protocol and were scanned in this study. Consequently, it is difficult to con-

clude based on these results whether underlying neural differences exist between musicians

and non-musicians, so the open question remains: do trained musicians process musical

modes in fundamentally different ways from untrained listeners?

Research that supports listeners behaviorally experiencing music in different ways has found

that a majority of all listeners (about 70%) cannot discriminate between major and minor

musical modes, while the other 30% performed near perfect (Chubb et al., 2013). By using

a stimulus called a tone-scramble, they identified those who could and could not tell the

difference between the musical modes. Surprisingly, only a weak correlation was found

between performance and musical training. This weak relationship between performance in

the task and musical training suggests that some listeners may possess a cognitive resource,

R, due to the divide in performance across participants. Dean and Chubb (2017) investigated

the nature of this cognitive resource through five other variants of the tone-scramble task

using variations of semitones within the diatonic scale. Their results were well described in

a proposed bilinear model, where performance in all five of the tasks was facilitated by a

listeners’ cognitive resource, R. The model accounted for 79% of the variance in performance

across 139 listeners in all five tasks. Again, most listeners (around 70%) had R values around

0, corresponding to near-chance performance, while 30% of listeners yield much higher levels

of R near perfect. From these results, Dean and Chubb (2017) concluded that this resource

can be described as “scale-sensitivity.” Therefore, another open question that remains is: do

listeners high in scale-sensitivity show differences in neural activation from listeners low in
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scale-sensitivity?

The current study aims to fill this gap by testing the extent to which listeners differ in

musical sensitivity regardless of their musical training. This study builds upon the previous

behavioral data to investigate the neurobiological basis of major-minor musical processing

and scale-sensitivity using functional MRI (fMRI). As described above, the behavioral work

has shown that many listeners cannot discriminate between the major and minor musical

modes, even though many people experience music in the major and minor scales as sounding

“happy” and “sad,” respectively. In fact, 70% of listeners perform near chance in classifying

the two modes, while the other 30% are nearly perfect at the task (Chubb et al., 2013).

Many musicians and non-musicians alike scored in the high performing group, but many

musicians, surprisingly, also fell within the low performing group. Performance in this task

correlated with other variants of major and minor tone sequences regardless of presentation

rate, suggesting a specialized “scale-sensitivity” in some individuals compared to others that

may not be predicted by the number of years of musical experience (Dean and Chubb, 2017;

Mednicoff et al., 2018). Thus with such a large proportion of listeners being insensitive,

the divide in performance amongst the two populations may be explained through neural

differences and through the investigation of scale-sensitivity under fMRI.

Based on the neurobiological literature described above, we predict that cortical differences

may first exist within primary auditory belt regions (ie. Heschel’s Gyrus and STS), so a

localizer scan will be used in the present study to identify these regions of interest (ROIs)

for further analysis following previous work (Okada et al., 2010). Having a subject-specific

functional localizer will serve to increase the resolution of the analysis, especially considering

the anticipation of high inter-subject variability in the locations of functional activations.

The hierarchical organization of speech and tones has been evaluated to exist within these

primary auditory regions (Okada et al., 2010; Fedorenko et al., 2012; Rogalsky et al., 2011);

however, higher musical processing has also been reported to extend to the intraparietal
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lobule (IPL) (Klein and Zatorre, 2011; Royal et al., 2016). Consistent with this idea, studies

that have utilized MVPA for major and minor musical processing have demonstrated sig-

nificant, common patterns of activity within the right STS and left IPS (Lee et al., 2011;

Klein and Zatorre, 2015). Therefore, if cortical differences are not first revealed across the

sensitivity levels of listeners with the univariate analysis, then the searchlight procedure may

predict significant accuracy peaks in patterns of activity within these two regions of interest

for the tone-scramble task that may be differentiable between the two groups of listeners.

3.2 Methods

3.2.1 Study Participants

Five individuals (N=3, male) participated in the fMRI experiments. Two participants were

low-sensitivity listeners, whereas three were high-sensitivity listeners, with sensitivity deter-

mined using the tone-scramble task (Chubb et al., 2013). No participant possessed absolute

pitch abilities. These participants were selected from a pool of undergraduate and graduate

participants at University of California, Irvine, and all of the methods used were approved

by the UC Irvine Institutional Review Board.

3.2.2 Sound Stimuli

Stimuli in the present study were identical to the stimuli used in the tone-scramble task in

Chubb et al. (2013) and were presented to participants over noise-cancelling, high fidelity

MR-compatible headphones (ie. OPTIME 1, MR confon, Germany). All stimuli were gener-

ated and played using Matlab (Mathworks, Inc.) and the Psychophysics toolbox (Brainard,

1997; Pelli and Vision, 1997; Kleiner et al., 2007).
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A given tone-scramble stimulus was composed of a rapid sequence of 32 pure tones: eight

copies of both the low and high tonics (G5: 783.99 Hz and G6: 1567.98 Hz), eight of the

fifth (D6: 1174.66 Hz), and eight copies of the major third (B5: 987.77 Hz) for major trials

or eight copies of the minor thirds (B[5: 932.33 Hz) for minor trials. Every tone within

each tone-scramble had a duration of 65-milliseconds, contained 3,250 samples, and was

played at a rate of 50,000 samples per second. These tones were presented in a random (or

scrambled) order, making each tone-scramble stimulus last 2.08 seconds. Every tone was

ramped on and off by a raised cosine function with 22 ms rise and fall times to prevent

clicking. This musical stimulus allowed us to control for all the elements necessary to create

a major or minor key without any rhythmic or timbral effects that are embedded in a typical

music selection.

3.2.3 fMRI Tasks & Data Acquisition

T1-weighted anatomical scans were first obtained for each participant. The fMRI scanning

protocol followed methods used in previous literature (Belin et al., 1999; Klein and Zatorre,

2015). Functional scans consisted of 48 T2*-weighted images covering the entire head (axial

slices, 2 x 2 x 2 mm, acquired interleaved), acquired using continuous sampling with TR =

1.5sec.

The experimental scans proceeded using an event-related design in which listeners were

asked to classify the stimulus as major or minor. Participants heard 18 trials in each scan,

separated by an inter-stimulus interval 7.5 - 10.5 sec, with a mean of 9sec. Listeners were

first assessed in the task outside of the scanner with trial-by-trial feedback over 100 trials to

gain their sensitivity levels and to familiarize themselves to the task; however, no feedback

was given to participants in the scanner to avoid the activation of feedback-driven processing.

Primary auditory cortex was localized with two types of stimuli in two different scans. The
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first used a block design in which 12sec of amplitude-modulated broadband noise (at 8 Hz

with a modulation depth of 70%) alternated with rest (with scanner noise; see alsoOkada

et al. (2010)). The second also used a block design, but instead 12sec of major and minor

tone-scramble stimuli were alternated with rest in an ABBA design.

3.2.4 Imaging analysis

fMRI data were pre-processed using BrainVoyager. All images first underwent slice-timing

correction due to interleaved acquisition, followed by motion correction and temporal band-

pass filtering with a frequency cut off at 0.01. Due to the collection of only five participants,

functional images were co-registered with the subject’s native T1-weighted anatomical im-

ages for visualization.

3.2.5 Localizer Analysis

A general linear model (GLM) with predictors constructed from a boxcar function modeling

the duration of the AM noise or tone-scramble stimuli, convolved with a modeled hemody-

namic response function Boynton et al. (1996). The amplitude of the BOLD response was

estimated as the best fitting beta for the modulated noise. Primary auditory cortex was

identified as the region on Heschl’s gyrus that was more activated during noise as compared

to rest (false discovery rate (FDR; Benjamini and Hochberg (1995)); q < .001).

3.2.6 MVPA Procedures

Individual trial BOLD amplitude estimates were computed using the least square single

(LSS) method for estimating individual trial betas in rapid event-related designs (Mumford
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et al., 2012). In this approach, individual trial beta amplitudes are iteratively modeled in

conjunction with two regressors predicting the hemodynamic response for all the other trial

types, split into major and minor scale types. These beta estimates, computed for every

voxel in a region-of-interest, were then used for training and testing of a support vector

machine classifier trained to label trials as either major or minor. All but one functional

run was used for training the classifier (“leave-one-run out”), and then the classifier was

tested on the remaining run that was not included in training. Classification accuracy was

computed as the average across this five-fold cross-validation.

In an exploratory analysis, support vector machine classification was performed using a

searchlight procedure such that the classifier was trained and tested using five-fold cross

validation (leave one run out). Voxel patterns for each searchlight were extracted from a

sphere with radius of 3 voxels. The average of each accuracy score was assigned to the center

voxel of a sphere and stored in an output image for every participant. Significance at the

single participant level was measured by whether the classification accuracy differed from

chance (50%).

3.3 Results

The goal of this project was to use functional neuroimaging to compare the patterns of brain

activity in listeners with high vs. low scale-sensitivity. The project aimed to (1) determine

where in the brain these regions of activity are, and (2) whether specific regions or distributed

patterns of brain activity are differentially activated between listeners high and low in scale-

sensitivity. Due to limitations with the COVID-19 pandemic and funding mechanisms, only

five participants were collected for this experiment.
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Figure 3.1: Screened behavioral results in the tone-scramble task (Chubb et al., 2013) for all
participants collected for this study. Figure 3.1a is the distribution of d′ results for these
participants, and figure 3.1b is the distribution of proportion correct.

3.3.1 Behavioral results

All participants were screened to determine their level of sensitivity with the tone-scramble

task (Chubb et al., 2013) before participation in the fMRI experiment. Figure 3.1 shows

the results for all participants in this task. As shown in Figure 3.1b, two of the listeners

achieved a proportion correct between 0.5-0.6, and three of the listeners achieved a proportion

correct of 0.9 and above, meaning two listeners had low-sensitivity to this task, and three

listeners had high-sensitivity. These same listeners are also shown in Figure 3.1a, where the

two listeners with low-sensitivity performed with a d′ below 1, and the three listeners with

high-sensitivity performed with a d′ above 3.

3.3.2 GLM analysis

Two localizers, one with amplitude modulated noise and one with major/minor tone-scrambles,

were run in addition to the tone-scramble task to determine primary auditory cortices for

each participant. A contrast of AM noise > silence revealed no significant clusters, whereas

a contrast of tone-scrambles > silence revealed two large clusters bilaterally on the superior
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Figure 3.2: Individual level GLM analyses for one subject which was a high-sensitivity lis-
tener. Figure 3.2a shows the contrast for tone-scramble > silence, and Figure 3.2b shows
the contrast for AM noise > silence.

temporal gyrus and Heschl’s gyrus, in primary auditory regions. Figure 3.2 shows activa-

tion results from one representative participant (from the high-sensitivity group) which was

consistently observed for all participants.

There were no statistical differences in neural peaks of activation between the major trials

and minor trials anywhere in the brain. Considering only five participants were collected,

there were no significant differences in activation between the two groups.

3.3.3 MVPA and Searchlight fMRI

Individual level searchlight results revealed variable results across participants. There was no

evidence for significant accuracy peaks in auditory or surrounding sensory areas considering

only five participants were included in this analysis. When looking at individual level results

for each participant, the searchlight analysis revealed regions that contained patterns of
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Table 3.1: Individual level searchlight results for each participant.

Participant Number Type of Listener Region with peak activation

Participant 1 Low–Sensitivity No significant peaks

Participant 2 High–Sensitivity

Anterior temporal lobe, right lateral-
ized occipital lobe, dorsolateral pre-
frontal cortex, right lateralized motor
cortex

Participant 3 Low–Sensitivity No significant peaks

Participant 4 High–Sensitivity
Left lateralized motor cortex, medial
prefrontal cortex, superior temporal
sulcus

Participant 5 High–Sensitivity Dorsolateral prefrontal precuneus

activity that classified major vs. minor tone-scrambles. These regions for each participant

are shown in Table 3.1.

Figure 3.3 shows the results from the individual level searchlight analysis in native space

for one representative participant, which is the same participant shown in Figure 3.2. No

significant group level accuracies were computing given the small sample size of the study

population.

A MVPA analysis was also run on our five participants. This analysis revealed the classi-

fication accuracy for the right and left auditory regions of interest when listening to major

vs. minor tone-scrambles. Figure 3.4 contains the results for the MVPA analysis when the

cost = 1. While the study sample is too small for statistical analysis, one can observe the

trend that the neural patterns in the right hemisphere auditory cortex were able to classify

major vs minor patterns more accurately in the three high-sensitivity listeners and not the

two low-sensitivity listeners. This finding is suggestive, but not conclusive.
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Figure 3.3: Individual level searchlight results in native space for a high-sensitivity listener.

3.4 Discussion

This experiment sought to uncover neural regions and/or distributed patterns of activity

specific to those sensitive and not sensitive to discriminating major and minor musical modes.

The behavioral work this study builds upon has shown that 30% of listeners perform near

perfect in classifying major and minor modes, whereas the other 70% perform near chance

(Chubb et al., 2013). Here, we specifically intended to collect a split sample between the

two groups; however, due to limitations of the pandemic, only five participants in total were

ultimately collected for the study. Three of these participants were highly sensitive to the

task and performed above 90%, and two participants performed near chance.
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Figure 3.4: MVPA results when the hyperparameter for each training set was tuned with a
cost = 1. ROI 1 is the left primary auditory region of interest and ROI 2 is the right primary
auditory region of interest. The dotted line represents 0.5 chance classification.

The current results do not contain enough power to definitively answer whether listeners high

in scale-sensitivity show differences in neural activation from those low in scale-sensitivity.

Localizer scans using the tone-scramble stimuli showed two large clusters bilaterally on the

superior temporal gyrus and Heschl’s gyrus, in primary auditory regions. The searchlight

result highlighted individual differences within each participant, but the MVPA results sug-

gested that the pattern of activity in the right hemisphere of the auditory cortex could

classify the major vs. minor patterns more accurately for the three high-sensitivity listeners

and not the low-sensitivity listeners. Despite this trend, the sample size was too small for

statistical analysis.

Although this study collected a small sample of participants, there was one suggestive result

from our proposed analyses: those listeners with high-sensitivity to the task have a different

pattern of activity in the right primary auditory cortex to classify the major vs. minor tone-

scrambles than the listeners with low-sensitivity. Therefore, if this study were to run at a

larger scale and collect more participants, then we would be able to determine if listeners high

in scale-sensitivity have neural activations that are statistically different from those low in

scale-sensitivity. Research that supports this result suggests that the right and left auditory

76



cortices are specialized for spectral and temporal processing, respectively (for review, see

Güntürkün et al. (2020)). These results are based on studies that have shown speech sounds

to activate neural systems in the left hemisphere, whereas music and tones, or specifically

changes in pitch, activate neural systems in the right hemisphere (Zatorre et al., 2002;

Tervaniemi and Hugdahl, 2003). On the other hand, additional research suggests that those

with specialized musical training may recruit the left hemisphere for additional temporal

processing (Ono et al., 2011). Thus, it is unclear to which extent we will see lateralized

differences between our two groups of listeners in our study.

In conclusion, there is a different pattern of activity between our listeners that are high and

low in scale-sensitivity; however, there was not enough power in our study to statistically

determine a difference. Additional studies may seek to address this primary concern.
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